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Abstract
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geometric effects on detonations was made. These results were used to further examine configurations for
splitting detonations, physically dividing one detonation wave into two separate detonation waves. With
this knowledge adual thrust tube system was built and tested proving that a single spark could be used to
initiate detonation in separate thrust tubes. Finally, a new tripping device for better deflagration to
detonation transition (DDT) was examined. Existing devicesinduced DDT axialy. The new device
attempted to reflect an incoming detonation to initiate direct DDT in across flow.
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Abstract

A Pulse Detonation Engine (PDE) combusts fuel air mixtures through a form of
combustion: detonation. The resulting change in momentum produces thrust. Recent
PDE research has focused on designing working subsystems. This investigation
continued this trend by examining ignition system alternatives. Existing designs required
spark plugs in each separate thrust tube to ignite premixed reactants. A single thrust tube
could require the spark plug to fire hundreds of times per second for long durations. The
goal was to minimize complexity and increase reliability by limiting the number of
ignition sources. This research examined using a continuously propagating detonation
wave as both a thrust mechanism and an ignition system requiring only one initial
ignition source.

This investigation was a proof of concept for such an ignition system. First a
systematic look at single tube geometric effects on detonations was made. These results
were used to further examine configurations for splitting detonations, physically dividing
one detonation wave into two separate detonation waves. With this knowledge a dual
thrust tube system was built and tested proving that a single spark could be used to
initiate detonation in separate thrust tubes. Finally, a new tripping device for better
deflagration to detonation transition (DDT) was examined. Existing devices induced
DDT axially. The new device attempted to reflect an incoming detonation to initiate

direct DDT in a cross flow.

xi



ALTERNATIVE PULSE DETONATION ENGINE IGNITION

SYSTEM INVESTIGATION THROUGH DETONATION SPLITTING

1 Introduction

1.1 General

This project investigated the ability to split and utilize a propagating detonation
wave as both an ignition source and a thrust producer. The resulting hardware could be
directly employed in ignition system design. The research is aimed toward practical
application, and therefore investigates using commercially available components rather
than design optimization. Though system level effects were addressed in this work, the
focus was on successful proof of concept.

The Air Force Research Laboratory Propulsion Directorate, Turbine Engine
Division, Combustion Sciences Branch at Wright-Patterson AFB, Ohio, sponsored this
research. All testing was conducted in the D-Bay test cell of Building 71 at Wright-

Patterson AFB.

1.2 Background

A Pulse Detonation Engine, PDE, is a tube, filled with a combustible mixture,
closed at one end, and ignited. The high pressure behind the detonation wave against the

closed end of the tube and the rapid expulsion of products out the open end produces
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thrust. Fig. 1.1 shows the test PDE located in Building 71 at Wright-Patterson AFB.
Although the photographed configuration has four thrust tubes, testing for this project
used one or two thrust tubes. The expelled flames visible in Fig. 1.1 are a result of

detonation combustion.

Compressed Intake Air

4 Thrust Tubes

Expelled Flames Damped Thrust Stand
Fig. 1.1 Building 71 Test Pulse Detonation Engine

Detonation combustion differs from deflagration combustion. Typically, when a
fuel air mixture is ignited, deflagration ensues (Kuo 1986:234). The observed flame
speeds are on the order of one meter per second. Although there is a temperature rise
from the chemical reactions, the pressure remains nearly constant, with only a slight
decrease. Relative to deflagration, detonation has high wave speed and pressure rise.

Detonations involve dynamic thermo-chemistry, multiple shock interaction, and three-



dimensional effects. Before leaping into the physics and corresponding theoretical
development, historical perspective is needed.

The first indication of achieving detonation occurred during the late nineteenth
century (Morrison, 1955: 1). Through experiments with combustible mixtures, the
French physicists Vielle, Berthelot, Mallard, and Le Chatelier must have been astounded
when they saw flame speeds, which for deflagration typically fix around one meter per
second, on the order of one thousand meters per second. About 1900 Chapman and
Jouguet independently proposed that this detonation wave was a shock wave followed by
combustion. Furthermore, they suggested that the high temperatures produced through
the shock rather than the typical diffusion process initiated the combustion. The special
properties resulting from the detonation combustion process demanded a search for
application.

Perhaps the first attempt to utilize detonations to produce thrust on a large scale
came during WWII (Oppenheim, 1949). The German V-1 buzz bomb was a failed
attempt to build a PDE. Rather than detonating, the V-1 only achieved deflagration and
was relegated to a pulse jet. Since that time, the PDE was shelved in favor of the gas
turbine. With the need for a cheap, reliable, and even disposable engine, the PDE has
recently gained a resurgence of interest. The PDE may not require rotating machinery to
operate. Ram air compression could provide aspiration and all of the thrust could be
obtained through the change of momentum of the expelled gases. The only moving parts
would be valving for introducing fuel and air into individual thrust tubes. The relative

simplicity greatly reduces overall system cost while increasing reliability.



1.3 Problem statement

Due to the high temperatures and harsh vibrations, the integration of components
and systems into a PDE has posed new challenges. One example is the ignition system.
Using spark plugs for ignition was convenient for small scale testing at low frequencies.
Larger scale testing and practical systems could require frequencies on the order of 100
Hertz for long durations. These requirements and the relative complexity of a multi-tube
engine required a sophisticated ignition system that could endure this punishing
environment.

The approach replaced the spark plug ignition with the hot exhaust gases trailing a
detonation wave diverted from the main thruster tube. Fig. 1.2 shows how combusting
reactants in thrust tube 1 could divert into a split tube. Part of the detonation would
continue through the thrust tube to produce thrust. The second part would enter a split
tube to ignite the reactant mixture in thrust tube 2. Combusting reactants from this thrust
tube then split off and ignite a reactant mixture in a third tube, and so on. By the time the
ignition source reaches the original thrust tube, fresh reactants would be available for

detonation. The entire sequence would repeat as long as reactants were available.

2
Split Tubes <LW|_— 1 Thrust Tubes
_ 4

Fig. 1.2 Concept art for integrated PDE ignition system
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1.4 Objectives

The ability to split a propagating detonation wave and use the first component for

thrust and the second component for ignition needs to be shown viable. To do this four

phases of research were conducted prior to full-scale design:

l.

2.

Determination of single tube geometric effect on detonations.
Examination of split tube effects on detonations.
Construction of a dual thrust tube system with a single ignition source.

Examination of a new deflagration to detonation (DDT) tripping device.
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2  Theory

2.1 Introduction

Pulse Detonation Engines (PDE’s) employ detonation combustion rather than
typical combustion, deflagration. This chapter establishes the detonation criteria for a
stoichiometric H, and air mixture. A 1-Dimensional analytical solution is compared to
semi-empirical results. Criteria for the expected wave speed, pressure, and pressure trace
shape are established.

Stephan R. Turns defines detonation as “a shock wave sustained by the energy
released by combustion (Turns, 2000:598).” Additionally, the high-temperatures from
shock-wave compression initiate combustion. Thus, the detonation is the coupling of a
hydrodynamic process, the shock wave, and a thermo-chemical process, combustion.
Modeling of detonation waves has progressed considerably over the past century;
however, a return to early approximation methods provides tremendous physical insight.
A chronological investigation of different analysis methods includes:

1-D

ZND Structure
3-D Detonation Mechanism - CFD

2.2 1-Dimensional detonation wave model

When Chapman attempted to explain detonations in 1899, he used a 1-D approach
similar to a control volume analysis for determining downstream properties across a
normal shock wave (Chapman, 1899:90-103). Figure 2.1 represents a detonation wave

traveling from left to right in a constant area duct where the reference frame moves with
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the detonation wave. Although the fully dimensioned detonation mechanism is quite
complicated, this 1-D model is extremely useful and accurate for making certain

predictions.

ﬁ Direction of Detonation Wave Propagsation

PV A S A AT A AT LSS A A A LA A A AT A A A .
[ I

Products I I Reactants
| e
1] 5 <_| | LI1
AT, e | RS

| |
T o w oy \\\\\\\\\\.'\\Q\\\\\\\ R
Detanation Wave

Fig. 2.1 1-D detonation wave control volume analysis

Starting with the control volume in Fig. 2.1 and the following assumptions, the
conservation laws are reduced to the forms shown in Eqn.’s 1, 2, and 3. Additionally, by
combining these equations and using the assumptions above, the Rayleigh and Rankine-
Hugoniot relations, Eqn.’s 4 and 5, were developed. In Eqn. 3, the values for ¢, and q
depend on the type of fuel/oxidizer mixture and the equivalence ratio. (Appendix A

contains a full development of these relations.)

ASSUMPTIONS
1-D Calorically Perfect Gas
Steady Negligible body forces
Constant Area
CONSERVATION LAWS
Continuity
m' = o, Uy = p, L, 1]

2-2



X-Momentum

P+p @’ =P +p, W, 2]
Energy
“12 _ u22
cpETl+7+q—cpET2+T 3]
Rayleigh Line Relation
—ar =270 4
o A

Rankine-Hugoniot Relation

y [P Plj 1[q [El 1j ~
L _p=2-—"L|-—fp,-P)J—+—|-¢=0 [5]
y—IEEpZ p) 27" le p

By fixing P, and 1/p; to sea level standard conditions, the Rayleigh line
relationship is examined. Equation 4 is solved for P,. The downstream density is the
independent variable in Equation 4. The p, range is set to [0.5 kg/m’, 2.0 kg/m’] in order
to determine the effect on the dependant variable, the downstream pressure, Py, in the
Raleigh equation. Fig. 2.2 shows the effect of changing the mass flow rate. Clearly the
mass flow cannot be smaller than 0.0 kg/sm” or greater than infinity. Therefore, the
bottom left and top right quadrants in Fig. 2.2 are unattainable. The 1.72 kg/sm”

represents the 1-D approximate mass flow rate for a stoichiometric H, and air mixture.



1.0 I +] 4 I I I I I
3’{1 y =22 mdot =0 kgfsm"2
" ' Md mdot =15 kgfam™2
P, b mdot "= 172 kg/sm™2
o B mdot”=19 kgfem™d
(MPa) PR mdot"= inf kgfam™l
L E
0s % -
s,
5{ 3
N
o
L
O E‘l
0o | | | i | | |
0.4 0.6 0.:& 1 12 14 16 18

BN
P I{Q
Fig. 2.2 Raleigh Line Eqn. 4

The Rankine-Hugoniot curve is developed by solving Eqn. 5 for P,. Sea level
standard conditions set the values for Ty, P, and p;. The other parameters set are y= 1.4
and q =3.421 MJ/kg. A 1-D analysis of a first order H, and air reaction mechanism
provided the value for heat release, q. The curve in Fig. 2.3 results from allowing p, to
range from 0.5 kg/m’ to 2 kg/m’ and solving for P,. The scales have been removed to
allow for trends to be discussed. Here, the curve is divided into 5 sections. These are
solutions to the combustion equation. The first region represents strong detonations.
Region II represents weak detonations. Between these two is the upper Chapman Jouguet
point. This point denotes the properties of a stable detonation (Williams 1965:35). It’s
counterpart, the lower Chapman Jouguet, is the stable deflagration solution, which

provides the properties seen with typical combustion.
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1, 1/p

E]

Fig. 2.3 Rankine-Hugoniot curve
Table 2.1 explains what each of the different segments on the curve represents.

Table 2.1 Properties of Hugoniot curve (Williams 1965:35)

Region Combustion M2
Upper Branch
Segment | Strong Detonation | <1 |[Needs special experimental conditions
Upper C-J Point |C-J Detonation 1 |Waves propagating in tubes
Segment Il Weak Detonation >1 [Requires special gas mixtures
Segment Il Unrealizable
Lower Branch
Segment IV Weak Deflagration | <1 |Common
Lower C-J Point |CJ Deflagration 1 |Not observed
Segment V Strong Deflagration| >1 [Not observed (wave structure limited)

Given the upstream properties, the Raleigh and Rankine-Hugoniot relations were
solved for P,, p2, and T,. Each mechanism upstream and downstream of the reaction was
considered to get a quantitative feel for the difference between normal shocks,
detonations, and deflagrations. Table 2.2 shows properties for a pre-mixed stoichiometric

reaction of H, and Air at 25 deg C and 1 atm. Normal shock and detonation values were
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calculated using the previously described 1-D analysis and assuming P,>>P; and
neglecting dissociation. Laminar flame speeds were taken from Glassman (Glassman,
1996:578). The other deflagration properties were from Friedman using several different

fuel-air mixtures (Friedman, 1953: 349-354).

Table 2.2 Comparison of normal shock, detonation, and deflagration properties

Property [ Normal Shock Detonation Deflagration
M1 4.9 4.9 0.0001-0.03
M2 0.42 1 4-6

P2/P1 28.3 15.3 ~0.98

T2/T1 5.7 9.9 4-16

p2/p1 5 1.8 0.06-0.25
u1(m/s) 2012 2012 1.7
u2(m/s) 405 1112

u2/ut 0.20 0.55

Immediately certain trends became apparent. The normal shock and detonation
shared many qualities. In fact, the principal difference between downstream properties
was that downstream of a normal shock the velocity was subsonic, but for an upper CJ
detonation, the velocity is the speed of sound (Turns, 2000:599). Clearly the deflagration
only shared the increased temperature at state 2. In contrast to deflagrations or
detonations, explosions have an extremely fast heat generation rate, but without requiring
the passage of a combustion wave through the exploding medium (Kuo, 1986:233).

An approximation method was used in this 1-D analysis to determine u;, the
detonation wave velocity. This was a first order approximation based on Turns’s
assumption that P,>>P; (Turns, 2000:609). Kuo provides 2 methods, a trial-and-error
method, and a Newton-Raphson iteration method for determining the wave speed without

making the assumption that P,>>P;. As shown in the next section, the first order
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approximation was accurate within 2% of semi-empirical data for this mixture and
equivalence ratio.

Perhaps one of the most important pieces of information from this Rankine-
Hugoniot investigation was the effect on thrust. The upper CJ point corresponds to the
point along the solution curve of minimum mass flow rate, the tangent Raleigh line
intersection. Though Turns and Kuo do not investigate the design effect, the simplified
rocket equation, Thrust =myeu. provides a baseline. The rocket equation is for a
continuous process, but it still captures the important parameters in the unsteady
detonation at high frequency. In order to increase thrust, the mass flow rate and the exit
velocity have to increase. Going toward a strong or weak detonation would increase the
mass flow rate. Only the strong detonation would have products that travel at subsonic
velocities away from the detonation wave. The exit velocity would be closer to the
detonation wave velocity behind a strong detonation. Therefore, strong detonation
combustion would provide more thrust than a CJ detonation. Unfortunately, a strong

detonation is only transient (Glassman 1996).

2.3 Zeldovich, von Neumann, Doring (ZND) wave model

The 1-D control volume analysis only incorporated part of the physical structure of
a detonation wave. In the 1940°s Zeldovich, von Neumann, and Ddring independently
proposed modeling a detonation wave as a shock wave followed by combustion (Turns
2000:613). This simple structure was named the ZND detonation wave after these three
individuals. Though this simplified the actual structure, it closely modeled the observed

pressure trace produced as a detonation wave passed a pressure transducer. Since the
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shock wave region was thin, the chemical reactions occurred in a thicker region behind

the shock wave. The combustion zone was further separated to reveal an induction zone,

slow chemistry, and a reaction zone, fast chemistry with large changes in properties (Kuo

1986:261). The properties of this model are shown Fig. 2.4.

Shu:u% Deflagration
—._\_\_\_\_\_\_\_\_H r T
— | "
) - ro
k—Induction—g——Reaction —:
Zone Zone
1 2 2 2

Fig. 2.4 Gas properties through ZND structure

As well as showing the flow properties in this small region, the ZND analysis

reveals the path the reactants take to reach the upper CJ point (Kuo 1986:262). Fig. 2.5

shows several potential paths to achieve this condition on the Rankine-Hugonoit curve.

Path a lacks the compression necessary to get the temperature rise required for chemical

reactions. Path b requires fast chemical kinetics. Path ¢ requires slow chemical kinetics.

Path d is the most likely. It represents adiabatic compression where the peak is called the

von Neumann spike. The CJ point has a pressure between 70-90% of the peak. The

actual maximum pressure observed during experiment was less than the predicted max of

the von-Neumann spike.
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shock wave follovved by deflagration

1, 1p
Fig. 2.5 Von Neumann spike
A classic utility of this simple model is the determination of the detonation

velocity. As an example, consider H, for fuel and compressed air as the oxidizer. By
treating the detonation as a ZND structure, the detonation velocity was predicted by
analyzing a balanced thermo-chemical equation and then applying normal shock
relations. The closed form solution is located in Appendix B. From this analysis, the
combustion released 3 MJ/kg. The calculated velocity is 2012 m/s. This value is
extremely close to the semi-empirical value of 1968 m/s published by Soloukhin
(Soloukhin, 1966:136). The predicted value improves by accounting for dissociation,
which lowers the heat release and decreases the wave speed. Table 2.3 compares values
predicted using this 1D model and Soloukhin’s data. Here the state 2’ properties follow
directly after the von Neumann spike. The state 2 properties follow after the combustion

zone.
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Table 2.3 ZND Properties for H, and air

Property State 1 | State 2° | State 2 | Property | Soloukhin | % Difference
M 4.9 0.42 1 M1 4.83 -1.4%
T(K) 298 2954 1696 T2(K) 2951 -0.1%
p/p1 1 5 1.8 p1/p2 1.805 0.3%
P/P1 1 28.3 15.3 P2/P1 15.62 2.0%
Yy 1.401 1.401 1.236 y2 1.245 0.7%

This analysis provided the key for determining detonation quality for this thesis.
Since the analysis verified the reasonability of Soloukhin’s data, his published values
were used as criteria for testing. Wave speeds and pressures were measured at several
points along any test configuration. For wave speed, 1968 m/s is used. Using 15.62 as
the pressure ratio across the detonation wave and 14.7 psi, 101.3 kPa, as a baseline
pressure, the P, pressure should have be at least 229.6 psi (1.583 Mpa) following the

passage of a detonation wave.

2.4 3-Dimensional detonation wave structure

As noted throughout this discussion, the actual detonation mechanism and
structure is quite complicated. A realistic understanding of results can only be discussed
after considering detonation development and fully dimensioned structure. The actual
structure involved a fully dimensioned process that included thermo-chemistry and
multiple shock interaction. “According to Strehlow, the first evidence of
multidimensional wave structure was obtained in 1926 by Campbell and Woodhead”
(Kuo, 1986:263). They noted the non-steady and 3-dimensional nature of detonations.
Denisov and Troshin in 1959 were the first to capture the visible cell pattern that defined

detonation passage. They coated the interior wall with soot that collected the record of
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the passing detonation. Example photos of smoked-foil records are available in Kuo
(Kuo 1986:264-265) The physics of this pattern is the intersection of Mach-stem,
reflected, and incident shock waves. At this intersection, called the triple point, the
heightened energy level prompts ignition. This detonation structure depends on the
geometry of the enclosure (Turns, 2000:617) Fig. 2.6 shows the structure of the Mach
stem through a confining ramp. Fig. 2.7 shows a CFD model of the cell structure, which

acts as time trace of the motion of the cell triple point.

% Direction of Detonation Wave Propagation

Mach-stem Shock

Slipstream

Streamlines __———

Trigle Paint

Reflected Shock

Incidert Shock

Fig. 2.6 Mach stem (cell triple point)

This steady detonation structure only represents an established detonation. With

the continual advancement in experimental instrumentation, the deflagration to

detonation transition (DDT) mechanism has been recorded using laser schlieren
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photography. Kuo has many examples of these studies (Kuo 1986:267-273).
Additionally, he summarized this DDT mechanism in a seven-step process outlined
below (Kuo, 1986:267-273). Fig. 2.8 shows some of the key physical features of this
DDT mechanism.

2.4.1 Detonation to deflagration transition (DDT) mechanism

1) Compression waves form ahead of an accelerating laminar flame.

2) Waves coalesce into a shock. (Fig. 2.8a)

3) Shock moved gases tripping a turbulent flame brush.

4) Inside turbulent reaction an “explosion in an explosion” formed transverse

waves: superdetonation (downstream) and retonation (upstream).

5) Spherical shock developed. (Fig. 2.8b)

6) Shock front, retonation wave, and reaction zone interacted. (Fig. 2.8c)

7) Steady wave, ie the CJ detonation, established.

Devices designed to trip a DDT mechanism will be addressed in section 3.1.

2.4.2 Modes of DDT

To close our discussion on physical features, four different modes of DDT have
been noted (Kuo 1996:273). Each mode is based on the location of the “explosion in an
explosion”:

1) Between flame and shock front

2) At flame front

3) At shock front
4) At contact discontinuity
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Fig. 2.8 Deflagration to detonation transition (adapted from Kuo 1986 268:269)

Using CFD for designing configurations before cutting metal for an experiment
reduces research time and cost. Dr. Vish Katta had built an in-house program
(UNICORN) that actually shows the propagation of the detonation triple points as seen in
Fig. 2.7 (Katta, 1999). A time history of this motion matches the cell structure captured
in smoke-foil experiments. Clearly with all of the detonation wave physical features,
especially during transition, the CFD is limited. CFD, however, was currently the only
way to make predictions on complicated geometries, especially with 3-D effects.
Divergent cross-sections, 90-degree split sections, and split sections with a scoop have

been modeled using CFD.
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3 Materials and Method

3.1 Detonation initiation

In order for a pulse detonation engine (PDE) to function properly, the previously
described deflagration to detonation transition (DDT) must occur. Additionally, it should
occur in the least amount of time and space possible. The V-1 buzz bomb has shown that
application is not a simple matter. Despite this, AFRL’s research has paid off (Shelkin
1940; Schauer 2001; Katta 1999). Several DDT tripping geometries induced detonations.
A pipe of sufficient length that can accommodate at least one cell width is necessary. A
Shelkin spiral generates acoustic reflections that interact and form hot spots. These hot
spots are the ideal setting for detonation transition. A spiral is the device of choice to
ensure consistent detonations in the shortest distance, about 5 pipe diameters axially

down a 2-inch diameter pipe.

3.2 Engine cycle

Given a means to produce detonations, how could one produce thrust? Actually this
is fairly simple. Fig. 3.1 shows a PDE cycle. First a fuel air mixture is injected into the
thrust tube. Then the mixture is ignited and quickly transitioned to a propagating
detonation wave. Finally, a charge of compressed air is used to force out remaining
products and separate hot products from fresh reactants. This cycle repeats at a desired
frequency, number of cycles per second. In fact, over a published range of frequencies,
from 10-40 Hz, the thrust varies linearly with frequency (Schauer 2000). This means the
engine can be throttled by controlling frequency rather than fuel or airflow rate, the

conventional situation. Perhaps the most attractive feature of this cycle is that current
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automotive engine valving can be used. This is the case in the AFRL setup described in

section 3.4.

1) Fill Tube 21 Detanate 3] Exhaust (Blowdown)

premix | I

Fig. 3.1 PDE engine cycle

3.3 Integrated propulsion system

The engine cycle described above is for a single thrust tube. However, valving
for numerous tubes can be employed. Though one tube may suffice, as with deliverable
munitions, acoustical concerns and the desire for steady thrust make a multi-tube

arrangement the probable design for vehicles.

3.4 Research facility

The Air Force Research Laboratory Combustion Sciences Branch (AFRL/PRTS)
has built the primary research engine. The main components are illustrated in Fig. 3.2.
All points of operation are monitored and controlled virtually using National Instruments
LabVIEWO . Metered compressed air and fuel enter the engine. The reservoir pressure
is monitored and an upstream critical orifice is used to ensure a choke point. The mass
flow rate can then be maintained. For smaller volume configurations, smaller orifices
can be used to ensure choking. A General Motors Quad 4, Dual Overhead Cam (DOHC)

cylinder head, commonly used in the Pontiac Grand Am, provides the necessary valving.
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The engine is mounted to a damped thrust stand that measures axial thrust. The engine

can run up to four thrust tubes simultaneously (Schauer 2000). The entire system is

controlled and monitored remotely including: lubrication, valve drive speed, fuel flow,

main combustion air flow, purge air flow, timing, ignition delay (time of spark within

detonation phase of PDE cycle), low and high frequency data collection, and automatic

shutdown in the event of a critical system failure. Aside from physical experimental

changes, certain key parameters were varied to optimize for configuration: tube fill

fraction (amount of total volume filled during fill and purge phases), equivalence ratio

(@), frequency, and ignition delay. A complete description of the test facility is in

“AFRL/PRSC Pulse Detonation Engine Program” (Schauer 2000).
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Fig. 3.2 Schematic of research facility

3.5 Data acquisition
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The data acquisition software written by Mr. Jeff Stutrud allows a preview of

wave speeds, thrust, and pressures, and shows each transducer pressure trace (Stutrud

2001). This gives immediate feedback on the health of the acquisition system while
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offering a first look at experimental results. The program uses a bottom constant
threshold method for determining wave speeds. The bottom method uses the first
crossing of a pressure trace over a threshold to signal detonation passage. The threshold
is held constant, ignoring thermal drift. This method provides quick feedback for on the
fly adjustments, but was not used for post-processing. The actual post-processing method
will be discussed in section 4.1.

The data acquisition system acquired data at 4 million data points per second.
The pressure transducers used were PCB Piezotronics Inc. model 102M232’s series 111A
general purpose miniature sensors (PFS 2000). These transducers have pressure ranges
from vacuum to 3000 psi. The sensor useable frequency range is between 20 kHz and 30

kHz with a resonant frequency of 130kHz.

3.6 Experimental configurations

In order to make informed design decisions, a better understanding of geometric
effect on detonation physics was required. The use of commercially available parts
minimized time from design to build. Since the existing engine hardware mates to 2-inch
pipe, this was one of the diameters of choice used for thrust tubes. In order to limit
scope, only one other diameter was used to model the split tube. The second diameter
was minimized to burn the least amount of fuel and air, since it was not meant to produce
thrust. However, the diameter has to carry at least one detonation cell width, which for
H, and air was 15 mm. A % inch diameter tube fit the above criteria. Chapter 5 contains

recommendations for considering other diameter pipes based on CFD findings.
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3.6.1 Single tube configurations

Before examining configurations that split detonations, a complete baseline of
single tube effects was conducted. The goal was to determine the most successful
geometry to encourage a detonation wave to propagate through a split. A systematic
investigation included converging, diverging and 90-degree turn geometries.
Additionally, downstream geometric effects were examined via a 2-inch to 1 2 inch
reducer acting as a convergent nozzle. Although intuitively a gradual transition from 2
inch to % inch tubing seemed the most promising to maintain a detonation, the effect of
reflected shocks and encouragement of hot spots caused by the step boundary of a 2-inch
to % inch bushing could not be ruled out. Rather than rely solely on theory and CFD

results, some straightforward testing provided valuable and unexpected information.

1 2 3 4 Experimentsal

Attachment

Engine

Block DDT Spiral

Mumbers represent pressure transducer location
Fig. 3.3 Baseline test configuration

Fig. 3.3 shows the baseline test configuration. The engine block held pressure
transducer 1 in the head of cylinder 1. A cutaway view reveals the 12-inch DDT spiral.
This was the device to initiate DDT. The detonation wave propagated from left to right.
Pressure transducers 3 and 4 were used to monitor the wave speed to ensure the wave
speed entering the experimental attachment was at upper Chapman Jouget. The
experimental attachments are divided into separate tests. Fig. 3.4 shows the first test

matrix. Here baseline configurations, a and e, determined effects of downstream
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geometries, b and f; step convergences, ¢ and g; and gradual transition convergences, d

and h.

‘ 3 4 ] 4 5 =3
a e

‘ 3 q 3 4 s g
b

3 4 3 4 5 5
c g

3 4 3 4 s 5
d h

Fig. 3.4 Test matrix 1A: axially converging geometries

Test matrix 1B modeled potential geometries to use for split tube to thrust tube
divergence. Here the baseline was a straight % inch tube shown in Fig. 3.5 a. Of interest
were questions of expanding detonations through gradual transitions, b and c, vs. step
expansions, d and e. Additionally, downstream geometric effects were investigated using

a 2-inch to 1 72 inch reducer as a converging nozzle, ¢ and e.
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Fig. 3.5 Test matrix 1B: axial diverging

The final test matrix, 1C, for the first objective examined 90 degree turns. In this
case, a 2-inch 90 and a ¥s-inch 90 provided the commercially available turn mechanism.
Fig. 3.6 shows the geometries tested. Other configurations were considered, but
cancelled after examining the results from Test Matrix 1A. The examples in a and e
examined directly turning a detonation. Convergence immediately following a turn was
tested by ¢ and d, while e and f looked at expanding turns. The configuration shown in b
looked at the effect of downstream geometry. CFD predicted that this expansion would
dissapate a detonation (Katta, 2002). This would seemingly nullify the need to test the
configuration in Fig. 3.6 e and f. However, due to previous experimental success with

turning, configurations e and f were tested.
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9

Fig. 3.6 Test matrix 1C: 90-degree turns

3.6.2 Split tube configurations

Once the configurations of objective 1 were tested, more complex splitting
configurations were examined. A second systematic investigation was conducted to
attempt a detonation split. The same principles applied, so that only commercially
available parts were used. This limited the design to 90-degree splits via tees, and 45-
degree splits via wyes. The findings from objective 1 were critical in determining the
cause of physical phenomena that occurred in the splits.

Fig. 3.7, test matrix 2A, examines splits using tees. Although this right angle split
geometry seems difficult for a detonation wave to negotiate and maintain strength, it

provides the least complication to implement in a large-scale design.
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Fig. 3.7 Test matrix 2A: tee geometries

Configurations a and d most closely modeled the Fig. 1.2 concept art. The four
geometries on the right attempted to encourage the detonation into the split, i.e. tubes
denoted by transducers 7 and 8. The effect of converging downstream conditions was
examined by b, d, and h. The gradual transition in f was compared to the step transition

n e.
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Similar configurations employed in Fig. 3.8 replace tee connections with wye
connections. Had the tee configurations failed to split a detonation, the wye could have
proved easier for a detonation wave to negotiate. A comparison between tee and wye
effects aided in the design process. Along with the geometric testing regime, an
examination of fill fraction effects was conducted using Test Matrix 2A a and b, and Test
Matrix 2B a and b, at fill fractions of 1.0 and 1.25. In addition to wave speed and
pressure sensitivity to fill fraction, a comparison of effectiveness of fill fraction versus

nozzle effects was made.

h

Fig. 3.8Test matrix 2B: wye geometries
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Along with a variety of configurations designed for splits, several geometries
were tested using a 2-inch cap. These are shown in Fig. 3.9. The common inlet
configuration in Fig. 3.3 applied. Here, the potential effect of high downstream pressure
conditions was modeled. The tee in configuration Fig. 3.9 a acted as a pressure-release.
The geometry in c tested a detonation’s ability to negotiate a 45-degree turn. Since the
90-degree turns tested above are slightly different, the configuration in b acted as a

baseline for comparison.

Fig. 3.9 Test matrix 2C: capped geometries

3.6.3 Dual thrust tube - single ignition source

Objective 3 was the proof of concept. Here a double thrust tube configuration
shown in Fig. 3.10 connected to the engine block. This configuration resulted directly
from testing outcomes observed in objects 1 and 2. The two thrust tubes modeled one
section of a multiple thrust tube array. Additional contingency designs were considered,
but were not needed. Obviously, the full array would require extensive design for the
required manifold and valving. Achieving detonation in the two-tube configuration with

only one ignition source was a critical step toward total system design.



Mumbers represent pressure transducer location

Fig. 3.10 Dual thrust tube design

An important challenge in testing this configuration was ignition timing. Due to
the fixed valve phasing, the window of opportunity to fire either spark was limited. Fig.
3.11 shows the offset of cycles between the first and the third tube positions. The thrust
tubes were numbered according to engine block location. These positions were chosen
on the engine block because the valve position is only 90-degrees out of phase. (Typical
engine spark plug firing order was 1-3-2-4 in 90 degree increments.) To fire spark 1, the
cycle had to be within the burn cycle of tube 1. Additionally, tube 3 had to complete the
fill cycle before the flame front completed traversing the crossover tube. Depending on
the amount of time for the detonation to travel through the crossover to tube 3, this was
just milliseconds after spark plug 1 fired.

In order to be conservative, the firing window was initially limited to the
beginning of the tube 3 burn cycle. During actual testing, slightly more aggressive earlier
firings were attempted, while being wary of backfiring. Table 3.1 provides ignition delay
times based on run frequency. The delay times were measured from the beginning of the
corresponding cylinder burn phase. Here, the effect of ignition delay on performance
was systematically tested by varying ignition delay and measuring resulting thrust and

wave speeds.

3-12



240

Firing
Window

Fig. 3.11 Cycle diagrams and firing window

Table 3.1 Ignition delay time vs. frequency

Frequency (Hz) 10.00 20.00 30.00 40.00
Cycle Time (ms) 100.00 50.00 33.33 25.00
Spark Plug 1 [minimum delay (ms) 25.00 12.50 8.33 6.30
maximum delay (ms) 33.33 16.70 11.11 8.33
Spark Plug 3 [minimum delay (ms) 0.00 0.00 0.00 0.00
maximum delay (ms) 8.33 4.20 2.80 2.10

A narrow window is available for the firing sequence to be successful. For

3-13

example, while running at 30 Hz, the firing window for spark plug 1 is only 2.80 ms.
Though the configuration is intended to work while firing only spark 1, a thorough matrix

was investigated consisting of firing spark 1 only, spark 3 only, and both sparks.




3.6.4 DDT trip device

This objective represents a potential avenue of research for optimizing the
ignition system design. An alternate tripping device from the DDT spiral was examined.
Although the DDT spiral clearly accelerated detonation transition, the dual thrust tube
design offered an opportunity to greatly reduce transition length. A reflector was placed
in the path of the detonation flow through the crossover at the entrance to thrust tube 3.
The goal is to initiate a series of reflected shocks that would strengthen the detonation at
the entrance of tube 3. It is hoped this strengthening of the detonation would in turn

avoid potential quenching due to the large volumetric expansion.
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4 Results and Analysis

4.1 Data post processing

In-house developed software is used for post processing (Parker 2001). It allows
the user to choose between a top, middle, and bottom method for determining wave
speed. Each method establishes the time of detonation passage. The bottom method
looks for the first time a pressure trace crosses a chosen threshold. The top method looks
for the peak pressure, and the middle method uses an algorithm that looks at these points
and slopes. A sensitivity analysis of method vs. threshold has been conducted. For user
selected thresholds of 50, 100, 150, and 200 psi, the top and middle method
independently maintained results within 3%. The bottom method was greatly dependant
on chosen threshold varying by more than 10% in some cases. Additionally, middle
method results are typically published. Therefore, the middle method with a threshold of
100 psi was used for post-processing all data. Additionally, a linear regression method
was employed to account for thermal drift.

The pressure across a detonation cell can range from 16.25 atm. to 116.5 atm
(Katta, 1999). Since a single cell is slightly shorter than one inch, there are very large
pressure gradients. Unfortunately, the pressure transducer diameter is 3/8 inch, therefore,
these large pressure gradients will be averaged over a surface area on the same order as
the cell size. This makes a typical discussion on uncertainty difficult. Even though the
sensor may be accurate within 10 psi, the physics of the detonation cell can inherently

produce much larger error.



A compilation of data is provided in Appendix C. Table 4.1 shows an example of
results from Test Matrix 1B Fig. 3.5 a. Each configuration was run at least twice for
repeatability. Each run was post-processed separately. The data was compared. If there
was a discrepancy between runs, the average of each individual detonation wave speed
was used. Data was usually acquired over a 0.5 s time period. Since the majority of tests
were run at 20 Hz, 10 detonation peaks were normally acquired. However, for any run
that measured something other than 10 detonations, the value was listed.

The first column lists the 2 ports used to calculate wave speed. The next two
columns give average wave speed and standard deviation. The ‘% used’ column keeps
track of the percentage of wave speeds used in determining average speed. Since the
algorithm discarded wave speeds below 50 m/s and above 3000 m/s, several data points

were ignored as outliers. In this column, values closer to 100% had fewer outliers.

Table 4.1 Example data table: results test matrix 1B configuration a

Test Matrix 1B Configuration a Run 1

WAVE SPEEDS PEAK PRESSURE
Pressure ports |Average |Stdev | %used % CJ Transducer (psig)

(m/s) (m/s) Jof 10 total 1 130.517151
1102 N/A N/A N/A N/A 2 1116.443481
2t03 2073.35| 73.923 100%| 5% 3 459.733215
3to4 2829.77| 121.86 100%| 44% 4 527.817749
THRUST 7.421b

The ‘% CJ’ column used the formula in Eqn. 6 to normalize the wave speeds.
Wavespeed was the average wave speed in m/s. This column described the error of

average wave speed from expected CJ speeds.
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wavespeed —1968m/ s
1968m /s

d00% [6]

Once the value was calculated, an engineering decision was made to determine the
quality of the wave speed. In this case the values in Table 4.2 were used.

Rather than trying to decipher the information in each of the tables in
Appendix C, a more convenient method was employed. The symbols in Table 4.2 were
placed directly on the test configuration schematic. In this way, rapid comparison
between geometry and effect to wave speed was possible. Additionally, for any average
pressure that drops below the expected state 2 ZND value of 229 psig, the pressure
transducer was circled. Therefore, if a wave speed showed ‘bad’ and there was a circle

around either one or both corresponding transducer numbers, the system was not

detonating.
Table 4.2 Classification by %CJ
Wave speed (m/s) % CJ Qualification [Symbol |Mnemonic
low high low [high
2086.1 3000.0 6%| 52%|over-driven =m=mm| | Multiple interactions
1869.6 2066.4] -5%| 5%]excellent Cell diamonds
1672.8 1869.6] -15%| -5%]|good Triple point
50.0 1672.8] -97%| -15%|bad (| | 1-D shock

4.2 Single tube results

The results for the first single tube test are illustrated in Fig. 4.1. The high wave
speed and pressures shown in configurations a and b signify a transition phenomenon.
Little effect on wave speed occurred when applying the step transition configuration c,

versus the gradual transition in d. This was also the case when the %-inch section was

4-3



attached, g vs. h. The reducer on configuration f also failed to affect the wave speeds
seen in e. It should be noted that though the wave speed had decelerated slightly in e, this
does not discount that detonations were occurring. Rather, this only signals a degradation
in average wave speed that is not desirable in system design. From this test matrix, it
seemed that converging configurations do not provide a tangible benefit for increasing

wave speed.

3 4 3 4 5 g

Fig. 4.1 Results: test matrix 1A: axial converging

The investigation turned toward diverging configurations. Due to the nature of
the test configuration, only a converging-diverging section was possible. This is because
the port to the engine block is 2-inch in diameter, and the DDT spiral used fit a 2-inch
tube. CFD results predicted that the size of the expansion was too large for the
detonation to negotiate (Katta, 2002). Results in Fig. 4.2 b,c,d and e confirmed this.

As with Test matrix 1A, the baseline configuration a could have had strong
detonations. The results shed light onto desired geometries. Although a % inch to 2-inch

expansion was too large, the gradual transition via the reducer maintained a relatively
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high pressure. The pressure was at least 3 times larger in the expanded sections of b and
c than in the same sections of d and e. A tripping device in the 2-inch diameter sections

of configurations b or ¢ would cause quicker transition than in d or e.

e

Fig. 4.2 Results: test matrix 1B: axial diverging

Fig. 4.3 shows the effect of turning detonations through 90-degrees.
Unfortunately the commercially available stainless 90’s had limited turning radii. (Other
pipe materials like PVC have street 90’s with larger turning radii.) The wave speed
symbols between transducers 4 and 5 were omitted. This was due to the slightly larger
inherent error when measuring around the bend.

The wave speeds and pressures throughout configurations a and b were consistent
with CJ detonations. The converging bends of ¢ and d reduced pressure and wave speed.
The expanding bends of e and f also reduced pressure and wave speed. Since the

horizontal segment in g did not achieve detonation wave speeds, it was not possible to
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qualify the effect of a % inch 90-degree turn on a detonating structure. The effect of
downstream geometry was apparent comparing the excellent wave speed in the horizontal
sections of e and f to the bad wave speed in the same section of g. Both e and f were able

to achieve CJ wave speeds between 3 and 4, while g was 40% lower.

e f g
Fig. 4.3 Results test matrix 1C: 90-degree turns

Certain trends were noted by comparing configurations throughout the results of
single tube configurations. The wave speeds in Fig. 4.3 a and b fall within 5% of
expected CJ speeds as opposed Fig. 4.1 e and f. This may have indicated some

detonation strengthening around a bend. Perhaps shock reflections were having some

influence.
Summary of single tube results

- Converging configurations decreased wave speed

- % inch to 2 inch divergence was too large and decreased wave speed
- Gradual divergence maintained higher pressure than step divergence
- CJ detonations through like sized bends maintained stength

- Downstream geometries affected upstream wave speeds
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4.3 Split tube results

Fig. 4.4 shows the results of tee configurations on wave speed and pressure.
Configuration e in Fig. 4.4 achieved detonations in two separate tubes. Configuration b
also had high enough wave speeds and pressures in the splits to be considered detonating.
These wave speeds were lower than desired. The wave speed in the opposing tube

increased with a nozzle as shown when comparing a to b or g to h. This could have been

.
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Fig. 4.4 Results test matrix 2A: tees
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due to forcing mass flow, hence more fuel and air, into the other tube during the fill
cycle. The step convergences of e performed much better than the gradual transitions of
f. Perhaps this was due to larger shock interaction due to reflections off of the interior
bushing wall. In this case, the physics could not be determined without more
sophisticated instrumentation.

Fig. 4.5 shows the results of detonating through configurations with wyes. The

step convergent configuration e met the desired objective to split a detonation. As with

3 4 g
s :
a
b
C
q i = = :4:{::§E::€:!§m H

Fig. 4.5 Results test matrix 2B: wyes

the successful tee configuration, this step transition also had higher wave speeds in the
splits than the gradual transition configuration f. This pointed to some interesting physics

that was not predicted by the single tube step configuration results. Recall that in Fig. 4.1
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configurations g and h both retarded the wave speeds regardless of step or gradual
transition. Clearly, the downstream geometry had changed enough to encourage the
higher speeds in the step configurations.

Fig. 4.6 shows the results of cap geometries. Configuration ¢ shows that high
wave speeds were not encouraged by the 45-degree turn. By comparing b and c, the
upstream wave speed was increased with a 45-degree turn versus an abrupt 90-degree.
This confirmed the earlier finding that downstream geometries do affect upstream wave
speeds. Configuration a only showed a degradation of wave speeds achieved in Fig. 4.4

a. A more interesting result may have occurred had a shock or detonation reflected.

Fig. 4.6 Results test matrix 2C: caps

Along with the previous consideration of geometric effects, a test considering fill
fraction was conducted. This testing used a different fill volume from the one used in
Test Matrices 2A a and b and 2B a and b. Here a fill volume of 169.2 in® was used for all
cases.

Fig. 4.7 shows the effect of varying fill fraction. Here the higher fill fraction and
or addition of the reducer increased wave speeds in critical areas of the configuration. A
closer look shows that the addition of a reducer was the design change of choice.
Although there was an increase in weight with the reducer, the fill fraction would
increase fuel consumption by 25%. Additionally, the reducer provided better wave speed

improvement. Comparing the reducer effect from a to b, where wave speeds reached CJ
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speed in the 5 to 6 segment versus a lesser increase by using more fuel in e. The same

results applied while comparing ¢,g, and d.

a ff=1.0 e ff=1.25

b ff=1.0

c ff=1.0

NN Ty TeTe e e —eciz

#ml i -
. e~ sy I—G

=0
— |h ff=1.25

d ff=1.0

Fig. 4.7 Fill fraction effects

Summary of Objective 2 Results

The double convergent tee and wye configurations split detonations
Step transitions performed better than gradual in split configurations
Fig. 4.4 b showed promise, but with lower wave speeds in the splits
Nozzles on splits increased wave speeds in opposing tubes
Downstream geometry affected upstream wave speeds.

Increased fill fraction increased wave speeds

A convergent reducer increased upstream wave speeds

Reducer benefits outperform 125% fill fraction gains

4.4 Dual thrust tube — single ignition source results

The configuration shown in Fig. 4.8 met objective 3 by having detonations in two

thrust tubes using only one ignition source. The thrust tubes are numbered 1 and 3

4-10



corresponding to their cylinder position on the engine block. The % inch diameter
stainless crossover tube is mated to each 2-inch diameter thrust tube via a standard 2-inch

to % inch tee.

Crossover Tube

Engine Block

Thrust Tube 3

Thrust Tube 1

Fig. 4.8 Single spark — dual detonation configuration

The spark plug in tube 1 was the only ignition source. After ignition, a 12-inch
spiral accelerated DDT before reaching the tee. At the tee, part of the detonation wave
continued down tube 1. The exact physical state of combustion, i.e. whether detonation
or deflagration, at the crossover entrance could not be determined without more
complicated instrumentation. However, the wave speeds through the crossover

accelerated to more than 10% above the Chapman Jouget detonation speed. This fact



combined with the high pressure reading near the crossover entrance, transducer 3 Fig.
4.9, implied a continuation of detonation, or at least a second rapid DDT event.

The geometric divergence into tube 3 quenched any detonation formed in the
crossover tube by dissipating the shocks. The lower pressure at the first transducer in
tube 3, transducer 5 Fig. 4.9, evidenced this phenomenon. However, the premixed
reactants in tube 3 coupled with these weaker shocks readily recombined into a full
detonation when confronted with a 16-inch DDT spiral. Thus another, arguably the third,
deflagration to detonation transition mechanism occurred. Results show that downstream

of the second spiral, the reaction in tube 3 was a detonation.

Fig. 4.9 Dual detonation configuration results

Despite the previous decision regarding Fig. 4.3 to hide wave speeds through
turns, the high speed through the crossover necessitates discussion. These high wave
speeds represent 1) a strong detonation or 2) a point along the transition path such as the
von Neumann spike. The first consideration is the position along the Rankine Hugonoit
curve. Because the pressure has dropped considerable by transducer 4, this can not
represent a strong detonation. Therefore this high wave speed occurs as a result of the

transition process.
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One explanation is that Kuo’s “explosion in the explosion” occurred downstream
of pressure transducer 3. Then transducer 3 would have read the retonation wave and
transducer 4 would have read the superdetonation wave. This would have definitely
lowered the time and increased wave speed. Since transducer 4 was not reading ZND
state 2 pressures, however,another event was probably happening here. Clearly the
combustion process is still coupled with shocks since the pressure was over 10 times
atmospheric at transducer 4 and tube 3 ignited. The crossover tube captured a transition
mechanism, but without more complicated instrumentation, it was not possible to
determine that mechanism’s point along the transition path.

The average wave speeds, thrust produced, and peak pressures for the first
successful double detonation run are presented in Table 4.3. This data corresponds to the
following test conditions: fill fraction = 1.0, equivalence ratio, @ =1.0,
frequency = 30 Hz, and ignition delay = 9.0 ms for spark plug 1. The data collected
covers a 0.5 s interval, corresponding to 15 detonation waves.

Table 4.3 shows high average wave speeds. The pressures measured at
downstream locations on the thrust tubes were at or above those predicted from ZND
analysis. A variety of test conditions were applied. The results for these are located in
Appendix C.

As a verification tool and comparison of the first test results, Table 4.4 presents a
second data set for the exact same conditions. Here the detonation speeds were within
5% of CJ speeds across the board. In both cases, the wave speeds between transducers 3

and 4 were above CJ wavespeed. The achievement these higher wave speeds above was
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desirable from a thrust perspective as discussed in section 2.2, unfortunately not in the

crossover tube.

Dual Tube - 30 Hz - Run 28

Table 4.3 Successful double detonation - run 1 data

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 724.53
freq 30 Hz 1t02 1904.67 30.74 100%]| -3% 2 684.25
Spark 1 3to4 2177.32 19.71 80%| 11% 3 504.97
ign del (s) 0.009 5t06 1794.88] 225.72 73%| -9% 4 158.02
6to7 1962.63 13.07 100%| 0% 5 151.18
7t08 1887.99 33.00 100%]| -4% 6 652.35
7 693.57
Thrust (Ib) 29.65 8 616.50
Table 4.4 Successful double detonation — run 2 data
Dual Tube - 30 Hz - Run 29
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 600.17
freq 30 Hz 1t02 1907.87 26.97 100%| -3% 2 784.31
Spark 1 3to4 2178.06 22.21 93%| 11% 3 582.73
ign del (s) 0.009 5t06 1876.84| 205.75 87%| -5% 4 172.94
6to7 1959.61 16.89 100%| 0% 5 173.64
7t08 1877.70 25.95 100%]| -5% 6 684.11
7 721.50
Thrust (Ib) 29.65 8 605.94

Regardless of the actual physical mechanism occurring in the crossover tube, two

things stood out. On the up side, this configuration achieved the desired goal. On the

down side, exact detonation mitosis did not occur. The offspring detonation in the

crossover tube did not carry the same physical characteristics of the parent wave. There

was room to improve the process and maintain full and steady detonation propagation

throughout the entire process.




An examination of pressure traces for the first run provided valuable information.
From this examination the traces at transducers 1, 2, 6, 7, and 8 indicate propagating
detonation waves. The traces for the crossover tube transducers and the first transducer in
tube 3 are provided. Fig. 4.10 shows that detonations occurred inside the crossover tube
at transducer 3. Fig. 4.11 shows that the detonations did not propagate through the entire

crossover tube.

400.00

350.00 -

300.00 -

250.00

200.00 4

150.00 A

Pressure (psig)

100.00

50.00 1

0.00 7

-50.00

-100.00 T T T T T T T T T T T T T T
56.76 57.13 57.51 57.88 58.26 58.63 59.01 59.38 59.76 60.13 60.51 60.88 61.26 61.63 62.01

Time (ms)

Fig. 4.10 Dual tube transducer 3 pressure trace

Although the pressure trace in Fig. 4.11 shows that von Neumann pressures did
not occur, there was a sharp pressure rise. This pressure rise at transducer 4 suggests a
shock wave followed by a combustion front, the first step in the DDT mechanism.
Though this is not detonation, it shows shock interaction that is clearly not present at
transducer 5. Figure 4.12 shows the gradual pressure rise that occurred near the entrance

of tube 3 prior to DDT. This represents deflagration.
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Fig. 4.11 Dual tube transducer 4 pressure trace
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Figure 4.12 Dual tube transducer S pressure trace



Because timing is so critical to success of this technology, an examination of
timing follows. In order to gain a full sense of the timing, a time line for a single cycle
was developed. Figure 4.13 shows the key events in milliseconds (ms) for the successful
dual thrust tube configuration. Only pressure transducers 1 and 8 are represented. This is

because the total elapsed time between an event at the first transducer and the last is 1.11

ms.

k]

833 19.44 3055 O

| a

Tubed  —Furge Fill Eurn
| o |

Tube 1 Fill Eurn Furge ————
0.0 11.11 22.22 33.33

O Transducer 8 Detonation 22.37
o Transducer 1 Detonation 21.26

Figure 4.13 Dual thrust tube time line (ms)
Summary of Objective 3 Results
- A single spark initiated detonations in tubes 1 and 3 at 30 Hz
- Timing, frequency and ignition delay, is critical for success

- Timing is hardware dependant especially on crossover length
- Crossover physics may require more sophisticated instrumentation

4.5 DDT trip device results

The reflector shown in Fig. 4.14 was placed just downstream of the crossover
tube. The 3 support legs allowed for distance variation. Tests were conducted with the

reflector disk located 0.25-inch, 0.5-inch, and 0.625-inch downstream of the crossover
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entrance into tube 3. The reflector disk was always perpendicular to the flow exiting the

crossover tube. The results on wave speed and pressure are shown Fig. 4.15.

—Crozzover Connection

Tube 3 Tee Connection

Fig. 4.14 Reflector

Reflectaor

l| Thrust Tube 3

] Thrust Tube 1

Fig. 4.15 Reflector results

The full data tables for all tests run are located in Appendix C. In addition to the
simple configuration shown in Fig. 4.14, a second wider reflector was connected to the
existing apparatus to extend to 1 inch into tube 3. This configuration was referred to as
layered. Unfortunately under all conditions tested, tube 3 could not achieve detonation
without the DDT spiral. The concept extrapolated from work by Zhdan, may still prove
useful, but only through further design considerations and testing (Zhdan 1994).

Summary of Objective 4 Results

- Reflector and layer configurations did not induce tube 3 detonations
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5 Conclusions and Recommendations

5.1 Conclusions

The testing successfully proved the ability to use a single ignition source to
produce thrust in a dual detonation configuration. The initial phases of testing showed
that varying geometry affected wave speed and peak pressure. Whether this happened
due to the initial conditions of the reactants just after the fill phase, or as a result of
detonation physics requires further investigation.

Some additional observations were made. The nozzles either provided an
increase in wave speed or no detrimental effect on the wave speed was noted. A higher
fill fraction had a positive impact on wave speed, but would probably be cost prohibitive,
and less efficient. The diameter ratio of all expansion configurations was too large.
Timing was critical in the success of the dual detonation configuration. This was largely
due to the length of the crossover tube. And finally, more extensive instrumentation and
testing are required to understand certain aspects of the physics, especially to make a

successful reflector #rip device.

5.2 Recommendations

The process revealed interesting responses of detonation waves to different
geometries, frequencies, ignition delays and fill fractions. Several potential areas of
study surfaced.

1) Application of machined parts

The first recommendation is to optimize geometries beyond commercially

available parts. As this work was conducted as proof of concept, the desire existed to
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implement more sophisticated geometries for detonation encouragement. This aspiration
was held in check in order to meet the overall objective quickly and cheaply. Several
potential configurations follow that could increase or maintain detonation strength
through complicated geometries.

Fig. 5.1 shows a variety of test configurations that might enhance detonation
physics. Configuration b considers whether a higher incident Mach number requires a
larger turn radius to maintain stable detonations. Configuration ¢ introduces a scoop to
influence mass flow into the cross pipe, and encourage shock reflections for increased
detonation strength. Configuration d is an evolution of ¢ in which the mass flow is split
between the two pipes for better fill, and still maintains a degree of reflection.
Configuration e uses a bump as a detonation trip, combined with the scoop.
Configuration f combines all of these mechanisms: the bump to initiate detonation, the

mass flow split for better fill, and the scoop for reflection.

S G

_/T,-_f - /ﬁ

— T —

d

e =1 |f

Fig. 5.1 Recommended machined testing configurations

2) Testing of different diameters other than 2-inch and %:-inch

This recommendation is a direct response to the dissipation due to the % inch to 2-
inch expansion. By considering a less extreme variation, such as a 1 2 inch to 2-inch
expansion, it could be possible to maintain the detonation. A gradual transition via a

commercial reducer showed more promise than a step transition based on this
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experiment’s results. Further, a machined transition mechanism using the method of
characteristics, for example, could prove even more encouraging.

3) Schlieren photography of critical phenomena

Although slightly more exotic, a test of peculiar geometries observed with streak
schlieren photography would help demonstrate physical mechanisms. Of particular
interest are the crossover tube physics observed in the dual tube configuration. A test of
this type could show how the detonation reacts to the split immediately followed by a
turn.

4) Design more efficient valve timing system

The cycle shown for the successful dual tube configuration has room for
improvement. The total cycle was 33.3 ms of which, only 3.5 ms was required for
combustion. Rather than dividing the cycle into equal parts, a cycle that has a larger
proportion of fill time with less time for purge and even less time for combustion better
matches requirements. This improved timing could lower the total time required or be
used to require less power for aspiration during the fill cycle.

5) Further development of reflector tripping mechanism

The fifth recommendation takes a much more exhaustive look at the potential for
a reflection trip. Although the configuration used did not produce a strong detonation
transition, this could be due to the rapid expansion. Other problems include reflection
distance and direction. For example the reflector could be aimed upstream in tube 3 to
encourage reflections of the tube’s closed end. Additionally slightly larger diameter

reflectors could be tried.
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6) Full scale construction of single spark ignition system

The sixth recommendation is the culmination of the work presented here. This
would involve a multi tube sustained detonation mechanism with only one spark. First
the number of thrust tubes will determine a window of run frequencies. Then, the
crossover tubes will have to be designed to meet those frequencies. Finally, a complete
manifold, valving, and support system will have to be designed to accommodate this

single ignition source PDE.
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Appendix A Rayleigh and Rankine-Hugonoit Development

APPENDIX A. RALEIGH AND RANKINE-HUGONIOT RELATIONS DEVELOPMENT
CONSERVATION LAWS

Continuity

mor = P10 = P2y (1]

x-Momentum
(no shear or body force: only force is pressure)

Py +pi) = Py + poly 2]
Energy
u12 u
cn T+ — +qg=cyIr + — [3]
pH1 ) q=°<CpH2 )

Raleigh Relation Development

Rearrange Momentum

P 1512 - pzﬁizz =Py, - Py factor out mdot*2  Consider Continuity

mdot"2 1 L\ =P, -P; factor out a (-)
P1 P2)

2 PP
“Mdot" = 11 Rayleigh Line Relation

P2 P1

For a fixed flow rate and fixing P1 and 1/p1 yields the following relationship in the form of
the equation of a line: y=mx+b.

2 1 2.1
Py= (mgor? )=+ [mgop 2 + 2
P2) P1 )

A-1



Rankine-Hugoniot Relation Development

Starting with COE equation 3:

2
u up

CpETl + 71 +q= CpETZ + 7 Substitute Ideal Gas P = pRIT
2 2 c
¢, P u c, P u ) p__V
_pB_1+_1+q:_pB_2+i Since R_y_l
R pl 2 R p2 2
P P 1
Y ———\+—E6u12—u22)+q20 [3a]
y-1{p1 p2) 2

Examine Momentum and solve for u,? and -u,?

2 2
piliy —poliy =Py - Py

2

2 Pp-Pp+polip

u; =
P1

2
( 2) Py =Py - plig
P2

Substitute into equation 3a:

2 2
v [P1 P2} || Pa-P; polip ) Py =Py pily )
—f—-— + = + + - +q=0
y-1\{p1 p2) 2 P P1 ) P2 P2 )
Rearangine Continuity equation 1 and combining yields:
P P
AN _2\ + l[ﬁpz - P]) x + L\ +q=0 Additionally, this can be recast:
y-1{p1 p2) 2 P1 P2)
y (P2 Pr)
(h2 - h]) =—Mff—--— -
y-1{p2 p1)

A-2



Rayleigh Lines Plotted

Given standard sea level conditions: Py := 1@tm p1:= .855[-!@
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Rankine-Hugoniot Curve Plotted
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Appendix B ZND Detonation Analysis H, and Air

PROBLEM STATEMENT
Determine the properties upstream and downstream of a detonation wave for
pre-mixed H and air.

GIVEN: P; := 1[@tm
T :=298.19K
e:=1
ASSUME:
Sea level standard air Calorically perfect gas
1-D Negligible body forces
Steady flow Adiabatic conditions (no heat loss to surroundings)
Constant area Neglect dissociation of products

ﬁ Direction of Detonation Wave Propagsation

D S
| oy I

Products I I Reactants
|
M2 1
BT, oM, a, g PiTy oy a,
| R

|
2k !
- |
Tho h e w w \\\\y\\\\\\\\\\\ R
Shock Wiave

Combustion Zone

THERMOCHEMISTRY
Reaction Mechanism:

20, + (02 + 3.7@\12) = 20, [0 + 3.760N, Using Turns Eqn 2.30 and 2.31 p19

Using Turns Appendix A for determining cp values (Guess T2=3000 K):
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Reactants (State 1) MWi Ni xi=Ni/Ntot | Yi=xiMWi/Mwmix [ cpi(kJ/kmolK)
H2 2.0159 2.0000 0.2959 0.0285 28.8710
02 31.9988 | 1.0000 0.1479 0.2264 29.3150
N2 28.0134 | 3.7600 0.5562 0.7451 29.0710
MWT=sMWi*i [ 20.9114 cp1=(Zxi*cpi)/MW1 1.3891
Products (State 2) [ MWi Ni xi=Ni/Ntot | Yi=xiMWi/Mwmix | cpi(kJ/kmolK)
H20 18.0153 | 2.0000 0.3472 0.2549 55.7790
N2 28.0134 | 3.7600 0.6528 0.7451 37.0280
MW2=5MWi*yi 24.5418 cp2=(zxi*cpi)/MW2 1.7741
kg kg
MW :=2091144+— MW, :=24.54184+——
kmol kmol

Using the information above and Turns Appendix A we calculate cp1 (Use T1=298K):

Xil9pi
C =
Pl MW
Hy 02 N>
kI R kI )
0.29590 28.87[F+— | + 0.14791129.313+——— | + 0.5562 29.071+—
] krnol[K) kmoll]}(} kmoll]K}
Cpl =
Pl MW
kJ
cp1 = 1.389——
kgK]

In order to determine cp2, we have to guess T2 and iterate:

Guess: T)g 1= 3000K

oo XilGpi
p2 MW,

H>[O No

kJ kJ
0.347 55.7793—\ +0.652 37.0283—\\

- kmolK ) kmolK )
P2 MW,

kJ
cp = 1.774——

kgX]|
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Now determine R2 and y2:

]
Ry, = 8313.43———

kmo
R kJ
Ry = — Ry = 0.339——
MW, kglK]
Ry
Y2=1+—— Y2 = 1.236

Estimate q from Eqn 16.7 and Turns Appendix A

q=z Yi[ﬁﬁ_z Yilhf

statel state2

q4= YH2100) + Yo2r[@0) + YN2R[0) ~ [ Y20 BfoH20 + YO2P:[00) + YN2P:[0) |

MWH20 hfoH20
4 = ~YH20Bf0H20 = “XH2005 E
MWp, MWmro

kJ
thHZO = (—241845)5— XH20 = 0.3472
kmol

hfoH20 6 1
== — =3421x 100 —
q XH20 MW, q ke

C
up ::jZEQyQ + I)WZERZEELIEU + i\

Cp2 cp2 )

3Im
up =2.012x 10" —
S

If we included dissociation, our estimate of uy would be smaller, as q would be smaller



Check T2 using Eqn 16.26

2
24 [ cp1

Ty =
2+ 1 ¢p2 cp2 )
3 27 Tog -1.544%
Ty =2.954% 10°K T,
Verify P2>>P1 Assumption

P2 | Y2t1l P2

— | = — | =1.809

P1 Y2 | P1 ]

T
— =9.909

T

Py p2 | To MW, Py

— | = = |B=— —|=15274

Py p1| T1 MWy | P1]

Assuming a ZND structure, determine the key state properties for the detonation wave described
above ie calculate p, P, T, and M at states 1, 2', and 2.

Ry J
Ry i=—— Ry =397.553—
MW, kgK
cyl =cp1 —R c —991541L
vl -= Cpl 1 vl . kelK
Cpl
yp = —— y1 = 1.401
Cvl
3 m
up =up u; =2.012x 10 —
s
p1:= il p —0855g
b Ry : . 3
m
uj
M= — M =4.938

\/VIERIHI

B-4



Now utilizing normal shock relations:

LP1] W
o
T;
p2]
2
LPTL vy - 1)y

Prr

o
iy 1+ ltﬁzwlmlz ~(v1 - 1)] L)_ﬂ = 28.283

1

2
::[2 + (V1 - l)[Mlz}Dzthl _ (V1 _ 1)

(V1 + 1)253/112

_ (V1 + I)DMIZ {921 _
_ — | =4.971
+2 P1

Looking at the state 2' properties:

Py
Py =P I—
2 1 )
Ty
Ty =T [1—
2 1 T,
p2
P2=p 11—
P1

Applying Continuity:
mgot" == P 10

mdot"
p2

uzv =

uy!

\/ Y2 Ry [Ty

le =

Py =2.866% 106Pa

Ty =1.696% 103K

K
py = 4.249—‘2

m

K
mgopr = 1.72% 10° —=
mZS

m
uy = 404.746—
S

Ry =Ry
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Looking at state 2 properties:

Py
Py :=P;[1—
2 =Py P

P = 1.548% 10°Pa

Ty =2.954x% 103K

P2
Pzizpl%—}
P1

k
Py = 1.546—=

Returning to Continuity:

_ Mdot"
P2

uy:

uz

JVzURzEfz

M; =

3 m
up = 1.112% 10° —
S

First Order ZND Approximations:

Property |[State1 State 2° |State 2

p/pt 1 5 1.8
P/P1 1 28.3 15.3
T/ 1 5.7 9.9
M 4.9 0.42 1
u (m/s) 2012 405 1112
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Appendix C Tables of Test Results

Test Matrix 1A Configuration a Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 99.39
1102 N/A N/A N/A N/A 2 978.92
2103 N/A N/A N/A N/A 3 564.34
3to4 2451.61] 43.29 100%| 25% 4 500.77
THRUST 8.311b
Test Matrix 1A Configuration a Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 102.64
1102 N/A N/A N/A N/A 2 1142.80
2103 N/A N/A N/A N/A 3 552.94
3to4 2405.53] 73.03 100%| 22% 4 514.10
THRUST 8.311b
Test Matrix 1A Configuration b Run 1
WAVE SPEEDS ] PRESSURE
Ports Average [Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 97.11
1102 N/A N/A N/A N/A 2 1175.64
2103 N/A N/A N/A N/A 3 558.00
3to4 2472.20| 45.77 1| 26% 4 537.23
THRUST 8.34 Ib
Test Matrix 1A Configuration b Run 2
WAVE SPEEDS ] PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 93.91
1t02 N/A N/A N/A N/A 2 1097.87
2103 N/A N/A N/A N/A 3 592.60
3to4 2471.19] 72.21 1| 26% 4 509.38
THRUST 8.33 Ib
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Test Matrix 1A Configuration ¢ Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 136.60
1t02 N/A N/A N/A N/A 2 1048.79
2103 2116.50] 108.48 100%| 8% 3 473.72
3to4 1864.98| 37.51 100%| -5% 4 520.23
THRUST 8.33 b
Test Matrix 1A Configuration ¢ Run 2
WAVE SPEEDS ] PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 126.69
1t02 N/A N/A N/A N/A 2 943.31
2t03 2177.29| 136.48 100%| 11% 3 490.90
3to4 1848.66[ 22.04 100%| -6% 4 466.70
THRUST 8.351b
Test Matrix 1A Configuration d Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 140.89
1t02 N/A N/A N/A N/A 2 978.12
2t03 1970.34{ 143.68 100%| 0% 3 753.28
3to4 1738.15[ 65.14 100%] -12% 4 538.42
THRUST 8.84 Ib
Test Matrix 1A Configuration d Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 142.84
1t02 N/A N/A N/A N/A 2 1158.62
2t03 1971.99[ 112.65 100%| 0% 3 696.18
3to4 1735.34 55.06 100%| -12% 4 459.98
THRUST 8.811b
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Test Matrix 1A Configuration e Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 74.87
1t02 N/A N/A N/A N/A 2 305.33
2t03 1799.76{ 218.20 100%| -9% 3 541.59
3to4 1987.87| 41.86 100%| 1% 4 468.84
4t05 1784.06 48.85 100%| -9% 5 394.36
5t06 1698.53| 99.38 100%| -14% 6 477.06
THRUST 9.12 Ib
Test Matrix 1A Configuration e Run 2
WAVE SPEEDS ] PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 11 total 1 72.89
1t02 N/A N/A N/A N/A 2 237.51
2t03 1864.05[ 326.02 100%| -5% 3 474.50
3to4 1990.87| 45.88 100%| 1% 4 454.84
4t05 1763.62 74.13 100%] -10% 5 380.77
5t06 1751.34| 82.86 100%| -11% 6 584.94
THRUST 9.13 Ib
Test Matrix 1A Configuration f Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 74.85
1t02 N/A N/A N/A N/A 2 394.71
2103 1916.01[ 219.50 100%| -3% 3 489.88
3to4 1999.23| 32.79 100%| 2% 4 453.58
4t05 1777.22| 51.20 100%]| -10% 5 364.41
5t06 1741.54| 68.49 100%] -12% 6 601.81
THRUST 9.12 b
Test Matrix 1A Configuration f Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 78.62
1t02 N/A N/A N/A N/A 2 429.71
2103 2009.04| 142.78 100%| 2% 3 442.35
3to4 1970.93| 36.30 100%| 0% 4 456.57
4105 1756.53| 50.05 100%| -11% 5 358.58
5t06 1741.34| 67.77 100%| -12% 6 546.97
THRUST 9.131b
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Test Matrix 1A Config_juration g Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 142.12
1t02 N/A N/A N/A N/A 2 1059.33
2t03 1986.72{ 101.63 100%| 1% 3 721.09
3to4 1693.36/ 100.62 100%| -14% 4 490.60
4t05 1295.22| 48.15 100%| -34% 5 767.78
5t06 1593.38[ 73.58 100%| -19% 6 242.89
THRUST 9.09 Ib
Test Matrix 1A Configuration g Run 2
WAVE SPEEDS | " PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |]of 10 total 1 154.90
1t02 N/A N/A N/A N/A 2 1072.12
2t03 1937.23[ 156.36 100%| -2% 3 733.56
3to4 1688.43| 87.62 100%| -14% 4 538.68
4t05 1351.67| 61.24 100%] -31% 5 698.89
5t06 1601.11| 86.65 100%| -19% 6 264.60
THRUST 8.77 Ib
Test Matrix 1A Configuration g Run 3
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 135.13
1t02 N/A N/A N/A N/A 2 1158.32
2103 2144.65| 132.87 100%| 9% 3 616.77
3to4 1763.71| 57.51 100%| -10% 4 534.42
4t05 1333.37| 36.83 100%| -32% 5 493.97
5t06 1595.55 47.56 100%] -19% 6 356.03
THRUST 8.40 Ib
Test Matrix 1A Configuration g Run 4
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 136.53
1t02 N/A N/A N/A N/A 2 901.33
2103 2035.07] 101.42 100%| 3% 3 580.96
3to4 1775.70f 30.16 100%] -10% 4 525.69
4105 1312.09 39.37 100%| -33% 5 533.18
5t06 1563.01 33.88 100%| -21% 6 314.94
THRUST 8.38 b
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Test Matrix 1A Config_juration h Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 150.00
1t02 N/A N/A N/A N/A 2 843.51
2t03 2004.57| 143.18 100%| 2% 3 760.09
3to4 1723.49| 55.83 100%| -12% 4 449.73
4t05 1422.75| 47.14 100%| -28% 5 662.70
5t06 1563.79] 33.15 100%| -21% 6 223.47
THRUST 9.18 Ib
Test Matrix 1A Configuration h Run 2
WAVE SPEEDS ] PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |]of 10 total 1 153.48

1t02 N/A N/A N/A N/A 2 1190.47
2t03 1975.43[ 90.40 100%| 0% 3 712.70
3to4 1699.62( 29.10 100%| -14% 4 489.05
4t05 1450.34| 55.64 100%| -26% 5 684.29
5t06 1568.46| 47.37 100%| -20% 6 240.56
THRUST 9.17 Ib
Test Matrix 1B Configuration a Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1{ 130.517151
1t02 N/A N/A N/A N/A 2| 1116.44348
2103 2073.35]| 73.923 11 5% 3| 459.733215
3to4 2829.77| 121.86 1| 44% 4| 527.817749
THRUST 7421b
Test Matrix 1B Configuration a Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1| 135.849777
1102 N/A N/A N/A N/A 2| 1115.84436
2103 2107.51| 76.755 11 7% 3| 539.918518
3to4 2875.99( 66.904 0.8] 46% 4| 440.209412
THRUST 7451b
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Test Matrix 1B Configuration a Run 3

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1{ 130.653137
1t02 N/A N/A N/A N/A 2| 931.471863
2103 1970.06( 39.549 0.9] 0% 3| 713.939758
3to4 2003.4{ 100.38 11 2% 4 295.55719
THRUST 7.481b
Test Matrix 1B Configuration a Run 4
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1{ 123.501648
1t02 N/A N/A N/A N/A 2| 827.84668
2103 1970.06( 39.549 0.9] 0% 3| 718.444092
3to4 1962.25[ 147.72 11 0% 4| 266.026093
THRUST 748 1b
Test Matrix 1B Configuration b Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 165.34
1t02 N/A N/A N/A N/A 2 1140.66
2t03 1940.58| 73.05 100%] -1% 3 318.14
3to4 2259.40| 60.91 100%] 15% 4 562.47
4t05 1352.07 29.16 90%] -31% 5 78.97
5t06 942.93[ 45.54 100%] -52% 6 116.06
THRUST 7421b
Test Matrix 1B Configuration b Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 173.05
1t02 N/A N/A N/A N/A 2 1364.35
2t03 1949.94| 47.83 100%] -1% 3 574.28
3to4 2222.78| 51.77 100%]| 13% 4 555.16
4105 1336.03[ 19.08 90%] -32% 5 75.38
5t06 1001.69 310.79 100%]| -49% 6 125.37
THRUST 7451b
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Test Matrix 1B Configuration ¢ Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 175.21
1t02 N/A N/A N/A N/A 2 1335.34
2t03 1939.79{ 101.04 100%| -1% 3 686.65
3to4 2200.95| 88.95 100%| 12% 4 637.88
4t05 1333.40{ 14.46 60%)] -32% 5 80.97
5t06 524.71] 390.71 90%| -73% 6 135.84
THRUST 7.24 b
Test Matrix 1B Configuration ¢ Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 172.76
1t02 N/A N/A N/A N/A 2 1282.02
2t03 1934.55[ 101.76 100%] -2% 3 598.46
3to4 2199.48| 89.55 100%| 12% 4 610.75
4t05 1314.92 26.81 90%] -33% 5 74.47
5t06 787.17]| 232.65 100%]| -60% 6 100.20
THRUST 7.24 b
Test Matrix 1B Configuration d Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 169.94
1t02 N/A N/A N/A N/A 2 1185.39
2t03 1946.56{ 151.29 100%| -1% 3 638.50
3to4 2260.52| 100.67 100%]| 15% 4 598.74
4t05 N/A N/A N/A N/A 5 23.88
5t06 N/A N/A N/A N/A 6 17.18
THRUST 7.24 b
Test Matrix 1B Configuration d Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 177.67
1t02 N/A N/A N/A N/A 2 957.16
2103 1907.12[ 108.92 100%| -3% 3 1092.06
3to4 2211.27] 98.22 100%] 12% 4 611.48
4105 N/A N/A N/A N/A 5 25.90
5t06 N/A N/A N/A N/A 6 10.26
THRUST 7.24 b
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Test Matrix 1B Configuration e Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 180.75
1t02 N/A N/A N/A N/A 2 1246.06
2t03 1932.37{ 114.51 100%] -2% 3 729.78
3to4 2197.09| 78.39 100%| 12% 4 634.47
4t05 N/A N/A N/A N/A 5 22.35
5t06 N/A N/A N/A N/A 6 12.32
THRUST 7.24 b
Test Matrix 1B Configuration e Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 168.61
1t02 N/A N/A N/A N/A 2 1164.58
2t03 1935.13[ 139.70 100%] -2% 3 801.75
3to4 2239.23| 82.98 100%| 14% 4 636.33
4t05 N/A N/A N/A N/A 5 18.67
5t06 N/A N/A N/A N/A 6 8.46
THRUST 7.24 b
Test Matrix 1C Configuration a Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 80.01
1t02 N/A N/A N/A N/A 2 519.35
2103 1954.78| 110.55 100%| -1%] |3 437.81
3to4 1897.23| 36.33 100%| -4%| |4 485.76
4t05 1785.79 38.95 100%| -9%]| |5 605.40
5t06 1953.57| 43.57 100%| -1%]| |6 423.18
THRUST N/A
Test Matrix 1C Configuration a Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 85.10
1102 N/A N/A N/A N/A 2 533.93
2103 1962.16[ 184.74 100%| 0%] |3 445.57
3to4 1915.57| 78.51 100%]| -3%| |4 528.65
4105 1796.72| 40.43 100%| -9%]| |5 602.12
5t06 1956.70 55.95 100%| -1%| |6 397.11
THRUST N/A
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Test Matrix 1C Configuration b Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 11 total 1 91.93
1t02 N/A N/A N/A N/A 2 759.08
2t03 2000.43| 134.60 100%] 2%| |3 440.29
3to4 1905.01| 67.37 100%| -3%| |4 454.90
4t05 1789.21 60.59 100%] -9%]| |5 617.53
5t06 1962.47( 58.11 100%| 0%] |6 423.22
THRUST N/A
Test Matrix 1C Configuration b Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 90.19
1t02 N/A N/A N/A N/A 2 753.13
2t03 2028.23| 185.94 100%] 3%/ |3 468.73
3to4 1888.61| 74.48 100%| -4%| |4 513.02
4t05 1795.37| 45.35 100%] -9%| |5 577.68
5t06 1969.91| 65.24 100%| 0%] |6 393.87
THRUST N/A
Test Matrix 1C Configuration ¢ Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 148.62
1t02 N/A N/A N/A N/A 2 1043.13
2t03 1947.26( 107.54 100%| -1%] |3 689.86
3to4 1724.96| 47.63 100%] -12%| | 4 540.01
4t05 1238.22| 34.29 100%| -37%]| |5 438.38
5t06 1409.71| 27.94 100%] -28%| |6 178.52
THRUST N/A
Test Matrix 1C Configuration ¢ Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 152.64
1t02 N/A N/A N/A N/A 2 996.54
2103 1964.05( 161.93 100%| 0%] |3 692.36
3to4 1712.88] 95.47 100%] -13%| |4 607.43
4105 1247.03| 66.23 100%| -37%]| |5 441.39
5t06 1420.32 69.79 100%] -28%| |6 179.76
THRUST N/A
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Test Matrix 1C Configuration d Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 147.12
1t02 N/A N/A N/A N/A 2 1137.05
2t03 2017.93| 101.67 100%] 3%/ |3 722.98
3to4 1819.47| 99.42 100%| -8%| |4 570.72
4t05 1278.69| 54.14 100%] -35%| |5 303.70
5t06 1363.41| 33.95 100%| -31%]| |6 175.14
THRUST N/A
Test Matrix 1C Configuration d Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 147.65
1t02 N/A N/A N/A N/A 2 1005.49
2t03 2030.29] 110.32 100%] 3%/ |3 701.83
3to4 1807.41| 50.35 100%| -8%| |4 579.22
4t05 1262.70f 37.48 100%] -36%| |5 329.91
5t06 1344.85 21.43 100%| -32%| |6 159.90
THRUST N/A
Test Matrix 1C Configuration e Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 179.11
1t02 N/A N/A N/A N/A 2 1087.66
2103 1811.64| 47.76 100%| -8%| |3 939.89
3to4 1954.05[ 73.08 100%| -1%| |4 689.36
4t05 1267.99| 27.44 70%]| -36%| |5 57.09
5t06 633.42( 291.82 100%| -68%| |6 51.13
THRUST N/A
Test Matrix 1C Configuration e Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 198.26
1t02 N/A N/A N/A N/A 2 1357.14
2103 1825.55( 57.01 100%| -7%| |3 755.52
3to4 1930.14| 92.39 100%| -2%| |4 680.17
4105 1092.82| 338.40 90%| -44%| |5 93.21
5t06 815.80[ 420.45 90%)] -59%| |6 56.16
THRUST N/A
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Test Matrix 1C Configuration f Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) ]of 10 total 1 185.67
1t02 N/A N/A N/A N/A 2 1146.16
2t03 1849.00{ 116.30 100%] -6%| |3 1060.07
3to4 1970.91| 44.34 100%| 0%]| |4 675.93
4t05 1228.78| 86.42 91%] -38%| |5 51.67
5t06 822.43| 95.14 64%)| -58%| |6 56.73
THRUST N/A
Test Matrix 1C Configuration f Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 172.18
1t02 N/A N/A N/A N/A 2 1160.26
2t03 1810.66{ 113.18 100%]| -8%| |3 1030.60
3to4 1988.73| 60.48 100%| 1%]| |4 706.09
4t05 1149.13[ 278.07 80%)] -42%| |5 123.73
5t06 707.68| 238.86 80%| -64%| |6 53.46
THRUST N/A
Test Matrix 1C Configuration g Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 11 total 1 142.78
1t02 N/A N/A N/A N/A 2 1270.79
2103 1677.46] 92.15 100%| -15%] |3 983.79
3to4 1578.99| 66.39 100%] -20%| | 4 336.92
4t05 1191.54| 65.50 100%| -39%]| |5 165.83
5t06 1117.38] 57.60 100%] -43%| |6 110.67
THRUST N/A
Test Matrix 1C Configuration g Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 10 total 1 148.45
1t02 N/A N/A N/A N/A 2 1272.81
2103 1679.33| 76.66 100%| -15%] |3 738.42
3to4 1613.53| 52.29 100%] -18%| |4 336.43
4105 1200.42| 15.42 100%| -39%]| |5 170.39
5t06 1238.97{115.83 100%] -37%| |6 113.95
THRUST N/A
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Test Matrix 2A Configuration a Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 71.52
1t02 N/A N/A N/A N/A 2 354.13
2t03 1874.57{ 180.32 100%] -5%| |3 679.18
3to4 2087.91] 22.05 100%| 6%| |4 518.73
4t05 1782.86] 54.86 100%] -9%| |5 528.47
5t06 1782.58| 45.35 100%| -9%| |6 207.15
7t08 1143.69{ 121.63 100%] -42%| |7 247.65
8 153.63
THRUST 8.431b

Test Matrix 2A Configuration a Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 71.05
1to02 N/A N/A N/A N/A 2 378.61
2103 1904.08| 224.78 100%| -3%| |3 686.87
3to4 2095.32| 31.63 100%| 6%| |4 509.16
4105 1772.09 58.99 100%| -10%]| |5 550.95
5t0 6 1765.63| 67.89 90%] -10%| |6 313.17
7t08 1094.30( 73.23 100%| -44%| |7 235.40
8 147.49
THRUST 8.451b

Test Matrix 2A Configuration b Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 72.16
1t02 N/A N/A N/A N/A 2 351.77
2103 2055.16] 174.18 100%| 4%]| |3 450.51
3to4 2098.09| 27.35 100%| 7%| |4 538.97
4t05 1803.56| 52.58 100%| -8%| |5 657.60
5t06 1762.74| 39.66 100%| -10%| |6 369.55
7t08 1844.70( 187.33 100%| -6%| |7 514.91
8 419.55
THRUST 8.38 Ib
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Test Matrix 2A Config_juration b Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) ]of 10 total 1 76.07
1t02 N/A N/A N/A N/A 2 467.46
2t03 1978.01{ 242.59 80%| 1%| |3 679.67
3to4 2103.95| 30.02 100%| 7%| |4 497.18
4t05 1802.90 39.67 100%| -8%]| |5 548.18
5t06 1759.86| 42.94 100%| -11%] |6 233.21
7t08 1776.64| 131.83 100%] -10%| |7 443.98
8 424.91
THRUST 8.38 Ib
Test Matrix 2A Configuration ¢ Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 71.72
1102 N/A N/A N/A N/A 2 427.43
2103 1909.00] 188.55 100%| -3%| |3 460.24
3to4 1964.49( 35.37 100%| 0%] |4 502.58
4105 1702.83| 75.44 100%| -13%]| |5 466.41
5t0 6 1539.44[ 65.71 100%] -22%| |6 362.59
7t08 1246.77( 196.24 100%| -37%| |7 426.60
8 589.59
THRUST 9.06 Ib
Test Matrix 2A Configuration ¢ Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 71.45
1t02 N/A N/A N/A N/A 2 432.88
2103 1904.21] 112.75 100%| -3%| |3 464.87
3to4 1978.59| 29.13 100%| 1%]| |4 444.85
4t05 1710.04| 54.44 100%| -13%]| |5 462.85
5t06 1520.08[ 53.03 100%| -23%| |6 403.73
7t08 1166.83[ 100.61 100%| -41%| |7 376.18
8 415.56
THRUST 9.111b
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Test Matrix 2A Config_juration d Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) ]of 10 total 1 79.54
1t02 N/A N/A N/A N/A 2 421.93
2t03 1893.50{ 167.91 90%]| -4%| |3 475.92
3to4 2037.87| 25.84 100%| 4%| |4 479.52
4t05 1814.44| 29.04 100%| -8%| |5 448.97
5106 1532.76| 34.56 100%| -22%| |6 340.85
7t08 1654.82{ 318.03 100%] -16%| |7 549.13
8 770.81
THRUST 8.471b
Test Matrix 2A Configuration d Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 77.21
1102 N/A N/A N/A N/A 2 446.08
2103 1901.70( 285.06 100%| -3%| |3 520.89
3to4 2030.99| 82.80 100%| 3%| |4 560.61
4105 1788.04| 87.45 100%| -9%| |5 463.81
5t0 6 1517.68| 67.74 100%] -23%| |6 343.95
7t08 1538.70( 226.71 100%| -22%| |7 540.75
8 619.33
THRUST 8.451b
Test Matrix 2A Configuration e Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 111.38
1102 N/A N/A N/A N/A 2 3.30
2t03 N/A N/A N/A N/A 3 557.98
3to4 2015.50| 75.08 85%| 2%| |4 328.45
4t05 1718.94| 58.45 73%]| -13%| |5 450.01
5t06 1925.92| 148.07 79%| -2%] |6 404.27
7t08 2010.03] 168.34 82%| 2%| |7 182.73
8 585.73
THRUST ~01lb
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Test Matrix 2A Configuration e Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 112.48
1t02 N/A N/A N/A N/A 2 3.23
2t03 N/A N/A N/A N/A 3 532.70
3to4 2141.78]| 219.44 94%| 9%| |4 466.31
4t05 1624.35[ 317.93 73%| -17%| |5 461.65
5t06 1894.92| 165.05 76%| -4%]| |6 382.08
7t08 1947.31{ 147.49 94%| -1%| |7 214.10
8 539.20
THRUST ~01b
Test Matrix 2A Configuration f Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 120.01
1102 N/A N/A N/A N/A 2 811.59
2103 2164.28] 275.00 100%| 10%]| |3 572.49
3to4 2039.04| 14.38 100%| 4%| |4 628.28
4105 1619.06 81.04 100%| -18%]| |5 375.23
5t0 6 1686.15[ 362.14 100%] -14%| |6 288.85
7t08 1475.91| 84.87 100%| -25%| |7 255.27
8 271.02
THRUST 7.851b
Test Matrix 2A Configuration f Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 117.17
1t02 N/A N/A N/A N/A 2 967.26
2103 2183.08| 287.87 100%| 11%] |3 584.04
3to4 2046.09| 18.78 100%| 4%| |4 616.34
4t05 1600.84| 28.60 100%| -19%]| |5 417.45
5t06 1688.16| 155.84 100%] -14%| |6 269.93
7t08 1441.24| 84.75 100%| -27%| |7 367.72
8 230.57
THRUST 7.88 Ib
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Test Matrix 2A Config_juration g Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 76.02
1t02 N/A N/A N/A N/A 2 2.56
2t03 N/A N/A N/A N/A 3 467.21
3to4 2136.60] 93.29 88%| 9%| |4 450.93
4t05 1465.68| 68.24 73%| -26%| |5 520.48
5t06 1399.61( 732.81 100%| -29%| |6 440.22
7t08 1462.18{ 210.97 76%| -26%| |7 480.50
8 545.63
THRUST ~0
Test Matrix 2A Configuration g Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 76.31
1102 N/A N/A N/A N/A 2 2.95
2103 N/A N/A N/A N/A 3 497.68
3to4 2175.13| 179.53 73%| 11%| |4 485.61
4105 1458.89| 74.63 88%| -26%]| |5 463.93
5t06 1686.52( 332.03 97%] -14%| |6 457.95
7t08 1442.41| 185.48 70%]| -27%| |7 448.85
8 547.04
THRUST ~0
Test Matrix 2A Configuration h Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 82.23
1102 N/A N/A N/A N/A 2 2.92
2t03 N/A N/A N/A N/A 3 495.85
3to4 2149.55| 100.72 94%| 9%| |4 478.00
4t05 1506.35| 69.89 94%| -23%] |5 436.50
5t06 1722.71| 308.57 97%| -12%| |6 477.72
7t08 1532.06( 196.31 91%| -22%| |7 474.85
8 558.84
THRUST ~0
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Test Matrix 2A Config_juration h Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 81.02
1t02 N/A N/A N/A N/A 2 2.90
2t03 N/A N/A N/A N/A 3 482.22
3to4 2181.16] 200.41 82%| 11%| |4 488.67
4t05 1494 43| 67.41 85%)] -24%| |5 410.58
5t06 1782.98| 92.28 88%| -9%]| |6 403.63
7t08 1581.04| 227.67 88%)] -20%| |7 493.54
8 461.21
THRUST ~0
Test Matrix 2B Configuration a Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 79.01
1102 N/A N/A N/A N/A 2 3.06
2103 N/A N/A N/A N/A 3 463.37
3to4 2114.24| 65.42 70%| 7%| |4 290.47
4105 1377.71| 46.12 67%)| -30%| |5 536.89
5t06 1860.66[ 123.89 85%| -5%]| [6 379.58
7t08 1158.78( 523.74 100%| -41%]| |7 569.36
8 296.72
THRUST 9.29 Ib
Test Matrix 2B Configuration a Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 78.09
1102 N/A N/A N/A N/A 2 3.45
2103 N/A N/A N/A N/A 3 490.94
3to4 2172.13] 131.11 67%| 10%| |4 438.71
4t05 1371.67| 81.97 94%]| -30%| |5 504.38
5t06 1861.56[ 118.06 94%| -5%| |6 347.73
7t08 1069.04| 545.68 97%| -46%| |7 604.14
8 301.63
THRUST 9.32 Ib
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Test Matrix 2B Configuration b Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 83.45
1t02 N/A N/A N/A N/A 2 3.31
2t03 N/A N/A N/A N/A 3 517.86
3to4 2172.83] 107.21 70%| 10%| |4 496.68
4t05 1386.81| 250.57 88%| -30%] [5 435.45
5t06 1833.51[ 160.70 88%| -7%| |6 348.27
7t08 1555.82( 539.84 97%] -21%| |7 568.42
8 452.61
THRUST 9.34 b
Test Matrix 2B Configuration b Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 84.64
1102 N/A N/A N/A N/A 2 3.32
2103 N/A N/A N/A N/A 3 550.63
3to4 2176.53| 149.38 85%| 11%| |4 418.77
4105 1461.20( 70.41 85%| -26%| |5 459.34
5t0 6 1855.03[ 225.74 85%| -6%]| |[6 400.80
7t08 1699.87( 393.80 94%| -14%| |7 563.96
8 446.14
THRUST 9.39 Ib
Test Matrix 2B Configuration ¢ Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 11 total 1 67.92
1102 N/A N/A N/A N/A 2 327.20
2103 1835.66( 149.34 100%| -7%| |3 506.54
3to4 1985.44| 14.12 100%| 1%]| |4 589.04
4t05 1617.23| 56.13 100%| -18%]| |5 770.39
5t06 1951.30[ 78.03 100%| -1%]| |6 385.89
7t08 1529.30( 109.28 100%| -22%| |7 574.21
8 532.92
THRUST 10.8 Ib
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Test Matrix 2B Configuration ¢ Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 71.01
1t02 N/A N/A N/A N/A 2 290.57
2t03 1775.78| 168.16 100%] -10%| |3 419.84
3to4 1921.44] 189.85 100%| -2%| |4 559.19
4t05 1678.20{ 144.11 100%] -15%| |5 581.40
5t06 1879.32[ 107.68 100%| -5%]| |6 342.75
7t08 1501.29{211.03 100%] -24%| |7 506.91
8 578.91
THRUST 10.79 Ib
Test Matrix 2B Configuration d Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 77.79
1102 N/A N/A N/A N/A 2 525.31
2103 1965.37( 195.27 100%| 0%] |3 489.33
3to4 2036.36] 20.46 100%]| 3%| |4 502.37
4105 1748.54| 52.63 100%| -11%] |5 509.28
5t0 6 1867.68[ 92.61 100%| -5%] [6 355.96
7t08 1720.21| 83.00 100%| -13%]| |7 616.40
8 531.40
THRUST 10.77 Ib
Test Matrix 2B Configuration d Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 79.36
1t02 N/A N/A N/A N/A 2 308.75
2103 1835.12[ 119.33 100%| -7%| |3 494.31
3to4 2043.77] 36.50 100%| 4%| |4 531.06
4t05 1712.54| 90.68 100%| -13%]| |5 764.65
5t06 1888.28| 126.72 100%| -4%| |6 360.99
7t08 1699.21| 80.44 100%| -14%| |7 637.59
8 633.76
THRUST 10.74 Ib
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Test Matrix 2B Configuration e Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 11 total 1 122.13
1to2 N/A N/A N/A N/A 2 967.57
2103 2201.23]| 311.52 100%| 12%]| |3 587.20
3to4 2046.09] 18.90 100%| 4%| |4 614.31
4105 1627.30 66.07 100%| -17%]| |5 739.03
5t06 1781.25[ 52.79 100%] -9%| |6 473.88
7t08 1740.39( 148.72 100%| -12%]| |7 700.80
8 377.69
THRUST 8.33 Ib

Test Matrix 2B Configuration e Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 124 .44
1t02 N/A N/A N/A N/A 2 1290.06
2103 2223.74| 187.73 100%] 13%| |3 575.58
3to4 2034.99| 21.41 100%| 3%| [4 615.95
4t05 1603.79| 41.95 100%] -19%| |5 873.89
5106 1764.25 48.93 100%| -10%]| |6 581.52
7t08 1652.87| 53.36 100%] -16%| |7 683.74
8 413.58
THRUST 9.53 Ib

Test Matrix 2B Configuration e Run 3

WAVE SPEEDS PRESSURE
Ports Average [Stdev [%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 124.60
1102 N/A N/A N/A N/A 2 2.72
2t03 N/A N/A N/A N/A 3 583.44
3to4 1945.58| 93.58 97%| -1%| |4 465.67
4105 1310.50] 249.75 73%] -33%]| |5 569.21
5t0 6 2033.00] 268.70 73%| 3%| [6 415.88
7t08 1961.35[ 187.04 85%| 0%| |7 631.51
8 525.59
THRUST 8.38 Ib
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Test Matrix 2B Configuration e Run 4

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 124.58
1t02 N/A N/A N/A N/A 2 779.37
2t03 N/A N/A N/A N/A 3 603.61
3to4 1936.54| 98.84 88%| -2%| |4 611.59
4t05 1375.76 73.93 61%]| -30%] [5 398.10
5t06 1844.88(431.78 64%| -6%| |6 340.87
7t08 2010.66] 143.34 76%| 2%| |7 725.12
8 386.42
THRUST 8.411b
Test Matrix 2B Configuration f Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 124.58
1102 N/A N/A N/A N/A 2 779.37
2103 1936.09( 300.80 90%| -2%| |3 603.61
3to4 2020.19] 33.52 100%] 3%| |4 611.59
4105 1696.53| 49.21 100%| -14%]| |5 398.10
5t0 6 1778.48| 46.45 100%] -10%| |6 340.87
7t08 1728.87 81.10 100%| -12%]| |7 725.12
8 386.42
THRUST 10.77 Ib
Test Matrix 2B Configuration f Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 10 total 1 125.34
1t02 N/A N/A N/A N/A 2 756.46
2103 1907.90( 310.31 100%| -3%| [3 586.59
3to4 2007.65| 21.52 100%| 2%| |4 661.23
4t05 1670.33| 58.47 100%| -15%] |5 516.05
5t06 1808.05( 137.03 100%| -8%| |6 351.49
7t08 1758.54| 90.48 100%| -11%]| |7 603.61
8 341.78
THRUST 10.75 Ib
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Test Matrix 2B Configuration g Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 79.79
1t02 N/A N/A N/A N/A 2 2.80
2t03 N/A N/A N/A N/A 3 502.35
3to4 2113.61] 90.97 73%| 7%| |4 494.93
4t05 1454.65| 262.97 82%)] -26%| |5 452.09
5t06 1446.14|484.17 100%| -27%| |6 413.58
7t08 1766.63[ 198.10 91%] -10%| |7 419.05
8 407.08
THRUST 8.24 b
Test Matrix 2B Configuration g Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 79.32
1102 N/A N/A N/A N/A 2 2.80
2103 N/A N/A N/A N/A 3 502.08
3to4 2138.66| 88.46 82%| 9%| |4 479.87
4105 1378.81 41.18 79%| -30%| |5 447.12
5t0 6 1453.41{471.02 97%) -26%| |6 387.46
7t08 1872.47(187.08 79%| -5%| |7 404.39
8 440.68
THRUST 8.28 Ib
Test Matrix 2B Configuration h Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 87.13
1102 N/A N/A N/A N/A 2 3.62
2t03 N/A N/A N/A N/A 3 572.66
3to4 2148.56| 181.72 76%| 9%| |4 443.72
4t05 1388.55 63.18 67%)| -29%| |5 208.05
5t06 1897.86( 265.55 70%| -4%| |6 459.25
7t08 1889.54 250.76 88%| -4%| |7 391.16
8 452.46
THRUST 8.36 Ib
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Test Matrix 2B Configuration h Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 87.90
1t02 N/A N/A N/A N/A 2 3.03
2t03 N/A N/A N/A N/A 3 505.41
3to4 2150.28| 96.87 79%| 9%| [4 490.15
4t05 1388.89 55.12 85%)] -29%| |5 406.53
5t06 1651.11[ 520.08 91%] -16%| |6 481.45
7t08 1843.33[ 213.63 88%| -6%| |7 416.08
8 379.50
THRUST 8.37 Ib
Test Matrix 2C Configuration a Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 34 total 1 111.66
1102 N/A N/A N/A N/A 2 4.04
2103 N/A N/A N/A N/A 3 664.03
3to4 1909.20{ 106.05 94%| -3% 4 460.21
4105 1606.31| 69.68 91%] -18% 5 519.80
5t0 6 1495.66| 278.73 100%| -24% 6 373.20
7t08 1424.98( 306.42 100%| -28% 7 211.78
8 387.30
THRUST ~0 b
Test Matrix 2C Configuration a Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 34 total 1 105.45
1102 N/A N/A N/A N/A 2 3.05
2103 N/A N/A N/A N/A 3 586.82
3to4 1968.16 91.23 88%| 0% 4 481.85
4t05 1580.52 264.93 94%] -20% 5 444.89
5t06 1509.54| 90.95 97%| -23% 6 325.18
7t08 1377.29[ 453.29 94%] -30% 7 202.23
8 378.03
THRUST ~01lb
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Test Matrix 2C Configuration b Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 150.29
1t02 N/A N/A N/A N/A 2 3.23
2t03 N/A N/A N/A N/A 3 741.63
3to4 1924.30( 159.34 85%| -2% 4 564.79
4t05 1377.29{ 453.29 94%] -30% 7 156.61
8 140.05
THRUST ~01b
Test Matrix 2C Configuration b Run 2
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 145.02
1102 N/A N/A N/A N/A 2 3.91
2103 N/A N/A N/A N/A 3 741.92
3to4 1728.16{ 550.89 91%] -12% 4 560.05
4105 1142.54| 204.47 91%| -42% 7 179.19
8 161.52
THRUST ~01lb
Test Matrix 2C Configuration ¢ Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)
(m/s) (m/s) |of 33 total 1 143.76
1t02 N/A N/A N/A N/A 2 3.49
2t03 N/A N/A N/A N/A 3 710.36
3to4 1989.59] 190.65 91%| 1% 4 451.79
4t05 1623.86( 297.76 88%| -17% 7 391.45
8 408.75
THRUST 8.44 b
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Test Matrix 2C Configuration ¢ Run 2

WAVE SPEEDS PRESSURE
Ports Average |Stdev |%used % CJ (psig)

(m/s) (m/s) |of 33 total 1 140.77
1t02 N/A N/A N/A N/A 2 4.35
2t03 N/A N/A N/A N/A 3 736.12
3to4 2067.44| 155.48 82%| 5% 4 546.73
4t05 1504.21{273.48 94%| -24% 7 475.72

8 304.54

THRUST 8.44 b
Fill Fraction Effect Configuration a Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 2 110.25
1t02 N/A N/A  [N/A N/A 3 605.31
2t03 N/A N/A  [N/A N/A 4 551.72
3to4 1970.06] 39.55 90%| 0%| [5 535.80
4t05 2249.54] 31.71 100%| 14%| |6 448.40
5t06 1644.09| 32.43 100%]| -16%| |7 204.00
7108 903.95| 5.94 100%| -54%| |8 143.39
THRUST 9.18 Ib
Fill Fraction Effect Configuration b Run 1
WAVE SPEEDS 1 PRESSURE
Ports Average [Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 2 95.01
1102 N/A N/A  [N/A N/A 3 591.35
2t03 N/A N/A  [N/A N/A 4 525.53
3to4 2014.66] 15.71 100%| 2%| |5 533.07
4t05 2275.46| 26.65 100%| 16%| |6 401.22
5t06 1772.82] 31.37 100%]| -10%| |7 174.97
7t08 917.57| 7.02 100%] -53%| |8 142.52
THRUST 10.51 Ib
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Fill Fraction Effect Config_;uration c Run1

WAVE SPEEDS PRESSURE
Ports Average [Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 2 94.88
1t02 N/A N/A  [N/A N/A 3 669.84
2t03 N/A N/A  [N/A N/A 4 670.19
3to4 2043.23] 26.12 100%| 4%| |5 608.42
4t05 2332.39] 33.06 100%| 19%| |6 651.09
5t06 1886.22| 40.44 100%| -4%| |7 178.83
7t08 957.44| 11.99 100%| -51%| |8 161.75
THRUST 9.39 b

Fill Fraction Effect Configuration d Run 1

WAVE SPEEDS PRESSURE
Ports Average |Stdev | %used % CJ (psig)

(m/s) (m/s) |of 10 total 2 92.63
1to02 N/A N/A  |[N/A N/A 3 632.07
2t03 N/A N/A  [N/A N/A 4 551.18
3to4 2041.90] 27.53 100%| 4%| |5 628.50
4105 2331.30] 33.08 100%| 18%| |6 588.20
5t0 6 1955.10| 34.44 100%| -1%| |7 180.28
7t08 944.32] 8.63 100%]| -52%| |8 164.36
THRUST 10.68 Ib

Fill Fraction Effect Config_juration e Run1

WAVE SPEEDS PRESSURE
Ports Average [Stdev | %used % CJ (psig)

(m/s) (m/s) |of 10 total 2 97.17
1102 N/A N/A  [N/A N/A 3 665.06
2103 N/A N/A  [N/A N/A 4 521.93
3to4 1965.55( 26.87 100%| 0% 5 572.09
4105 1762.21| 50.05 100%] -10% 6 310.84
5t0 6 1609.53( 49.13 100%] -18% 7 328.98
7t08 1184.75] 13.09 100%]| -40% 8 214.03
THRUST 10.49 Ib
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Fill Fraction Effect Configuration fRun1

WAVE SPEEDS PRESSURE
Ports Average [Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 2 95.95
1t02 N/A N/A  [N/A N/A 3 572.88
2t03 N/A N/A  [N/A N/A 4 489.35
3to4 1966.66] 20.43 100%| 0% 5 594.94
4105 1835.83| 35.45 100%| -7% 6 301.13
5t06 1751.68| 47.17 100%| -11% 7 309.26
7t08 1139.57] 24.98 100%| -42% 8 207.49
THRUST 11.57 Ib
Fill Fraction Effect Configuration g Run 1
WAVE SPEEDS PRESSURE
Ports Average |Stdev | %used % CJ (psig)

(m/s) (m/s) |of 10 total 2 101.17
1to02 N/A N/A  [N/A N/A 3 673.02
2103 N/A N/A  [N/A N/A 4 580.80
3to4 2010.92| 27.23 100%| 2% 5 753.92
4105 1834.67]| 41.02 100%| -7% 6 571.29
5t06 1862.16] 24.90 100%| -5% 7 342.33
7t08 1182.94| 14.26 100%| -40% 8 207.48
THRUST 10.27 Ib
Fill Fraction Effect Configuration h Run 1
WAVE SPEEDS PRESSURE
Ports Average [Stdev [%used % CJ (psig)

(m/s) (m/s) |of 10 total 2 104.48
1t02 N/A N/A  [N/A N/A 3 690.05
2103 N/A N/A  [N/A N/A 4 554.97
3to4 2009.51] 23.81 100%| 2% 5 621.65
4t05 1889.26| 21.54 100%| -4% 6 600.57
5t06 1953.54| 25.48 100%| -1% 7 307.96
7t08 1154.48( 20.81 100%| -41% 8 158.33
THRUST 11.62 Ib
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Reflector 0.25" gap
WAVE SPEEDS PRESSURE
Ports Average|Stdev |%used % CJ (psig)
(m/s) (m/s) |of 15 total 1 477.66
1to02 1848.16] 19.38 100%| -6%| |2 647.22
3to4 2205.85| 40.82 33%| 12%| |3 109.44
5t06 615.45] 289.04 53%]| -69%| [4 290.21
6to7 938.11| 49.73 100%] -52%| |5 30.56
7108 808.42| 23.44 100%]| -59%| |6 110.97
7 94.64
8 116.89
Reflector 0.5" gap
WAVE SPEEDS PRESSURE
Ports Average|Stdev |%used % CJ (psig)
(m/s) (m/s) |of 15 total 1 536.02
1102 1851.94| 22.46 100%| -6%| |2 679.45
3to4 2201.95| 40.15 100%| 12%| |3 410.88
5t06 720.61] 292.87 73%]| -63%| [4 181.58
6to7 926.08 50.80 100%] -53%| |5 35.04
7t08 793.32] 14.51 100%]| -60%| |6 112.44
7 94.96
8 111.01
Reflector 0.625" gap
WAVE SPEEDS | PRESSURE
Ports Average [Stdev |%used % CJ (psig)
(m/s) (m/s) |of 15 total 1 546.41
1102 1865.30] 56.61 100%| -5%]| |2 737.96
3to4 2178.61] 94.92 93%| 11%| |3 501.08
5t0 6 596.80| 394.03 93%] -70%| |4 148.25
6to7 979.04| 196.22 100%] -50%| |5 36.32
7t08 785.36] 9.94 100%] -60%| |6 116.25
7 99.09
8 110.81
Reflector/Layer 1.0" gap
WAVE SPEEDS ] PRESSURE
Ports Average [Stdev |%used % CJ (psig)
(m/s) (m/s) |of 15 total 1 559.34
1102 1879.49| 34.52 100%| -4%| |2 736.91
3to4 2225.57] 41.19 100%| 13% 3 582.05
5t0 6 1028.04| 337.02 100%| -48%| |4 157.24
6to7 898.86| 56.78 100%]| -54%| |5 45.44
7t08 770.66 10.24 100%]| -61%| |6 109.01
7 88.99
8 101.89
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Dual Tube - Transducer Configuration 1 - Run 1

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 154.16
freq 20 Hz 1t02 1455.60] 733.23 90%| -26% 2 358.11
Spark 1 2t03 1737.97] 179.36 100%[ -12% 3 643.50
ign delay 0.012s 4105 1855.16]  30.60 100%| -6% 4 531.13
5t0 6 1735.70] 38.68 100%[ -12% 5 163.46
7t08 1630.80] 227.50 100%| -17% 6 216.10
7 654.31
Thrust 18.07 Ib 8 538.44
Dual Tube - Transducer Configuration 1 - Run 2
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 166.63
freq 20 Hz 1t02 1349.94| 557.84 90%| -31% 2 525.78
Spark 1 2t03 2011.24] 280.76 100%| 2% 3 595.23
ign delay 0.012s 4105 1845.03] 52.25 100%| -6% 4 424.13
5t0 6 1770.22] 103.78 100%| -10% 5 150.66
7108 1627.51] 229.99 100%| -17% 6 240.67
7 514.42
Thrust 17.911b 8 630.90
Dual Tube - Ignition Delay 0.012s - Run 4
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 577.82
freq 20 Hz 1t02 1894.92] 34.87 100%| -4% 2 702.98
Spark 1 3to4 1836.07] 56.49 100%| -7% 3 446.76
ign delay(s) 0.012s 5t0 6 1150.63] 109.76 100%[ -42% 4 217.94
6to7 1624.85] 217.51 100%| -17% 5 168.21
7to08 1389.21] 141.31 100%| -29% 6 539.16
7 632.69
Thrust (Ib) 17.95 b 8 344.03
Dual Tube - Ignition Delay 0.013s - Run 10
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 561.53
freq 20 Hz 1t02 1916.84 17.95 100%| -3% 2 746.95
Spark 1 3to4 1879.30] 70.25 100%| -5% 3 562.22
ign delay(s) 0.012s 5to0 6 1108.79] 141.00 100%| -44% 4 300.15
6to7 1468.55| 229.72 100%[ -25% 5 171.68
7t08 1174.59] 118.49 100%| -40% 6 436.84
7 494.25
Thrust (Ib) 18.23 8 227.72
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Dual Tube - Ig

nition Delay 0.014s - Run 11

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 677.34
freq 20 Hz 1t02 1940.99 15.62 100%| -1% 2 633.89
Spark 1 3to4 1941.66] 28.24 100%| -1% 3 491.90
ign delay(s) 0.014 s 5to0 6 1381.26] 258.93 90%] -30% 4 290.83
6to7 1712.07] 40.77 100%( -13% 5 226.03
7108 1197.49] 38.27 100%| -39% 6 672.90
7 524.69
Thrust (Ib) 18.42 8 232.18
Dual Tube - Ignition Delay 0.015s - Run 12
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 558.63
freq 20 Hz 1t02 1939.66 13.16 100%| -1% 2 705.40
Spark 1 3to4 1910.03] 22.28 100%| -3% 3 502.01
ign delay(s) 0.015 5t0 6 1272.03] 99.60 100%[ -35% 4 247.66
6to7 1665.59| 42.31 100%| -15% 5 240.97
7t08 1159.27]  29.02 100%[ -41% 6 574.96
NOTE: 7 449.61
Fires @ 10 Hz Thrust (Ib) 10.71 8 219.39
Dual Tube - Spark 3 Ignition Delay 0.0 s - Backfired
Dual Tube - Spark 3 Ignition Delay 0.002s - Run 5
CONDITIONS B WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 126.56
freq 20 Hz 1t02 666.63| 250.02 100%[ -66% 2 121.43
Spark 3 3to4(-) 1263.07] 132.20 90%| -36% 3 122.11
ign delay(s) 0.002 5to 6 1787.23] 77.96 100%| -9% 4 86.30
6to7 1746.00] 38.35 100%( -11% 5 813.22
7to08 1306.40] 36.94 100%[ -34% 6 575.58
7 546.06
Thrust (Ib) 17.98 8 281.06
Dual Tube - Spark 3 Ignition Delay 0.002s - Run 6
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 107.79
freq 20 Hz 1t02 1000.28| 629.52 100%| -49% 2 118.39
Spark 3 3to4(-) 1246.37] 121.40 90%| -37% 3 114.07
ign delay(s) 0.002 5to0 6 1764.59] 73.88 100%| -10% 4 92.17
6to7 1755.16] 26.56 100%( -11% 5 899.93
7to8 1301.46] 26.60 100%| -34% 6 649.84
7 536.07
Thrust (Ib) 17.91 8 284.32
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Dual Tube - S

park 3 Ignition Delay 0.0005s - Run 7

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 104.85
freq 20 Hz 1t02 760.24] 206.02 100%| -61% 2 86.21
Spark 3 3to4(-) 1419.54| 406.20 80%]| -28% 3 128.76
ign delay(s) 0.0005 5to0 6 1803.99] 67.04 100%| -8% 4 106.58
6to7 1798.58| 32.81 100%| -9% 5 1011.24
7108 1418.54| 45.57 100%| -28% 6 627.93
7 477.71
Thrust (Ib) 15.88 8 321.42
Dual Tube - Spark 3 Ignition Delay 0.0005s - Run 8
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 105.66
freq 20 Hz 1t02 798.49] 106.58 100%| -59% 2 94.43
Spark 3 3to4(-) 2103.43] 583.50 80%| 7% 3 105.31
ign delay(s) 0.001 5t0 6 1786.86] 44.47 100%| -9% 4 90.08
6to7 1777.68] 28.02 100%| -10% 5 1122.47
7t08 1408.57] 36.25 100%[ -28% 6 723.26
7 604.75
Thrust (Ib) 15.92 8 354.91
Dual Tube - Spark 3 Ignition Delay 0.003s- No Good - Firing @ 10 Hz
Dual Tube - Spark 3 Ignition Delay 0.0025s - Run 9
CONDITIONS B WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 133.21
freq 20 Hz 1t02 887.70] 139.41 100%[ -55% 2 100.73
Spark 3 3to4(-) 1334.43] 403.42 80%| -32% 3 107.75
ign delay(s) 0.0025 5to 6 1767.30] 69.71 100%| -10% 4 79.27
6to7 1742.52] 21.41 100%( -11% 5 779.13
7t08 1269.66] 23.23 100%]| -35% 6 573.71
7 633.00
Thrust (Ib) 18.03 8 261.11
Dual Tube - Spark1 & 3 - Run 13
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 535.32
freq 20 Hz 1t02 1895.83] 24.07 100%| -4% 2 825.96
Spark 1&3 3to4 1836.35] 79.95 100%| -7% 3 455.67
ign 1 (cnt) -943 5t0 6 1147.49] 146.25 100%| -42% 4 220.15
ign 3 (cnt) -1 6to7 1561.61] 234.98 100%[ -21% 5 184.60
7t08 1356.29] 183.89 90%| -31% 6 371.60
7 482.63
Thrust (Ib) 17.89 8 320.84
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Dual Tube - S

park 1 & 3 - Run 14

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 538.12
freq 20 Hz 1t02 1886.05| 24.47 100%| -4% 2 679.98
Spark 1&3 3to4 1851.88] 27.28 100%| -6% 3 499.15
ign 1 (cnt) -943 5to0 6 1117.71] 163.63 100%| -43% 4 243.49
ign 3 (cnt) -1 6to7 1654.85] 219.29 100%[ -16% 5 271.35
7108 1380.49] 173.94 100%| -30% 6 620.66
7 607.88
Thrust (Ib) 17.89 8 360.26
Dual Tube - Spark 1 & 3 - Run 15
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 568.27
freq 20 Hz 1t02 1897.37] 34.33 100%| -4% 2 766.62
Spark 1&3 3to4 1871.98] 29.12 100%| -5% 3 453.61
ign 1 (cnt) -943 5t06 1309.45| 458.16 100%][ -33% 4 285.21
ign 3 (cnt) -991 6to7 1650.34] 209.13 100%| -16% 5 249.09
7t08 1265.28| 104.72 100%/[ -36% 6 516.88
7 544.24
Thrust (Ib) 18.03 8 250.94
Dual Tube - Spark 1 & 3 - Run 16
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 483.28
freq 20 Hz 1t02 1878.69] 21.00 100%| -5% 2 727.19
Spark 1&3 3to4 1881.64 16.94 100%| -4% 3 416.36
ign 1 (cnt) -963 5t06 1726.04] 119.65 100%[ -12% 4 278.62
ign 3 (cnt) -991 6to7 1745.02] 39.32 100%[ -11% 5 962.00
7t08 1332.52] 34.06 100%| -32% 6 823.54
7 662.10
Thrust (Ib) 18 8 316.32
Dual Tube - Spark 1 & 3 - Run 17
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 597.80
freq 20 Hz 1t02 1896.99] 21.39 100%| -4% 2 791.81
Spark 1&3 3to4 1886.09] 35.59 100%| -4% 3 492.95
ign 1 (cnt) -963 5to0 6 1721.08] 150.03 100%| -13% 4 218.18
ign 3 (cnt) -991 6to7 1729.55] 33.98 100%[ -12% 5 832.96
7t08 1270.88] 25.51 100%| -35% 6 683.28
7 595.54
Thrust (Ib) 18.25 8 264.00
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Dual Tube - S

park 1 & 3 - Run 18

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 605.80
freq 20 Hz 1t02 1923.08 14.36 100%| -2% 2 658.60
Spark 1&3 3to4 1618.87| 76.88 100%] -18% 3 513.18
ign 1 (cnt) -983 5to0 6 1675.76] 120.27 100%| -15% 4 184.91
ign 3 (cnt) -991 6to7 1727.60 16.15 100%] -12% 5 823.55
7108 1288.11 30.46 100%[ -35% 6 558.82
7 566.08
Thrust (Ib) 18.35 8 300.08
Dual Tube - Spark1 & 3 - Run 19
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 617.41
freq 20 Hz 1t02 1928.34] 23.64 100%| -2% 2 667.67
Spark 1&3 3to4 1346.55| 578.48 100%| -32% 3 468.31
ign 1 (cnt) -983 5t06 1739.68] 48.89 100%[ -12% 4 209.52
ign 3 (cnt) -991 6to7 1733.11 32.43 100%| -12% 5 938.74
7t08 1263.25] 39.30 100%/[ -36% 6 602.43
7 556.55
Thrust (Ib) 18.04 8 265.64
Dual Tube - Spark 1 & 3 - Run 20
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 503.63
freq 20 Hz 1t02 1791.55] 219.60 100%| -9% 2 759.32
Spark 1&3 3to4 1814.29 | #HHHHHH 10%| -8% 3 168.70
ign 1 (cnt) -971 5t06 1787.70] 71.81 100%| -9% 4 110.71
ign 3 (cnt) -971 6to7 1759.23] 24.86 100%] -11% 5 863.80
7t08 1393.48| 33.14 100%| -29% 6 711.28
7 660.58
Thrust (Ib) 18.05 8 338.88
Dual Tube - Nozzles - Run 21
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 327in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 11 total 1 481.92
freq 20 Hz 1t02 1922.91 10.02 100%| -2% 2 648.89
Spark 1 3to4 1835.53] 63.49 100%| -7% 3 468.82
ign del (s) 0.014 5t0 6 1228.18] 190.02 82%| -38% 4 220.40
6to7 1589.23] 199.00 100%] -19% 5 219.09
7t08 1307.67] 116.41 100%| -34% 6 570.92
7 677.11
Thrust (Ib) 18.16 8 280.50
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Dual Tube - Nozzles - Run 22

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 327 in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1.1 (m/s) (m/s) of 10 total 1 546.23
freq 20 Hz 1t02 1930.91 24.33 100%| -2% 2 773.75
Spark 1 3to4 1819.74 69.33 100%| -8% 3 515.94
ign del (s) 0.014 5t0 6 1298.99| 412.63 90%| -34% 4 192.94
6to7 1558.16] 270.49 100%] -21% 5 218.46
7t08 1332.18] 227.94 100%| -32% 6 548.41
7 564.15
Thrust (Ib) 18.92 8 345.79
Dual Tube - Open breather holes on crossover - Run 24
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 540.45
freq 20 Hz 1t02 1934.56 15.25 100%| -2% 2 698.50
Spark 1 3to4 1059.41 60.11 90%| -46% 3 222.27
ign del (s) 0.014 5t06 1321.73] 541.85 80%)| -33% 4 117.75
6to7 1502.36] 274.80 100%| -24% 5 203.82
7t08 1168.55| 118.24 100%| -41% 6 678.88
7 421.93
Thrust (Ib) 16.84 8 233.91
Dual Tube - Open breather holes on crossover - Run 25
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 10 total 1 615.57
freq 20 Hz 1t02 1932.03 17.13 100%| -2% 2 741.66
Spark 1 3to4 1078.50] 42.66 90%| -45% 3 191.74
ign del (s) 0.014 5t06 1532.41] 843.32 70%)| -22% 4 97.19
6to7 1394.30] 251.50 100%] -29% 5 170.44
7t08 1138.72 89.55 100%| -42% 6 593.21
7 385.24
Thrust (Ib) 17.54 8 223.38
Dual Tube - 10 Hz Overfill - Run 26
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in3 Ports Average |Stdev  |%used % CJ (psig)
ff 1.5 (m/s) (m/s) of 5 total 1 13.26
freq 10 Hz 1t02 471.59| 229.64 100%| -76% 2 15.18
Spark 1 3to4 761.89] 1094.22 80%| -61% 3 28.60
ign del (s) 0.028 5to0 6 1424 41 | HHHHHHHE 40%] -28% 4 23.23
6to7 1293.23 60.20 100%| -34% 5 102.90
7t08 1174.20 15.68 100%| -40% 6 188.50
7 142.65
Thrust (Ib) 7.23 8 106.13
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Dual Tube - 30 Hz - Run 28

CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 724.53
freq 30 Hz 1t02 1904.67] 30.74 100%| -3% 2 684.25
Spark 1 3to4 2177.32 19.71 80%| 11% 3 504.97
ign del (s) 0.009 5t0 6 1794.88| 225.72 73%| -9% 4 158.02
6to7 1962.63 13.07 100%[ 0% 5 151.18
7108 1887.99] 33.00 100%| -4% 6 652.35
7 693.57
Thrust (Ib) 29.65 8 616.50
Dual Tube - 30 Hz - Run 29
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev Y%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 600.17
freq 30 Hz 1t02 1907.87] 26.97 100%| -3% 2 784.31
Spark 1 3to4 2178.06] 22.21 93%| 11% 3 582.73
ign del (s) 0.009 5t06 1876.84| 205.75 87%| -5% 4 172.94
6to7 1959.61 16.89 100%| 0% 5 173.64
7t08 1877.70] 25.95 100%| -5% 6 684.11
7 721.50
Thrust (Ib) 29.65 8 605.94
Dual Tube - 30 Hz - Run 30
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in"3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 327.46
freq 30 Hz 1t02 1273.73] 526.27 100%[ -35% 2 518.77
Spark 1 & 2 3to4 N/A N/A N/A N/A 3 333.54
ign del (s) 0.009 5t06 2212.16] 53.67 100%| 12% 4 103.00
6to7 2039.68 15.55 100%| 4% 5 937.09
7t08 2009.59 11.65 100%| 2% 6 571.88
7 602.66
Thrust (Ib) 29.29 8 588.70
Dual Tube - No Chin Spiral in Tube 3 - Run 31
CONDITIONS WAVE SPEEDS PRESSURE
fill vol 315in3 Ports Average |Stdev  |%used % CJ (psig)
ff 1 (m/s) (m/s) of 15 total 1 574.74
freq 30 Hz 1t02 1887.60] 53.70 100%| -4% 2 749.88
Spark 1 3to4 2209.91 51.48 100%| 12% 3 494.29
ign del (s) 0.009 5t0 6 1275.53] 539.63 80%| -35% 4 153.61
6to7 922.98 8.18 100%| -53% 5 58.17
7t08 813.64 15.15 100%| -59% 6 122.28
7 110.76
Thrust (Ib) 29.16 8 138.99
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